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"' PREFACE -

AMONG the rank and file of the electricity supply industry
there may be observed a tendency to regard the rotary

converter as & rather mysterious niaehine, of not quite

h* same order as the c.c. or a.c. generator. This attitude

is encouraged by a statement such as
"
rotary converters

embrace theoretical principles quite different from, and

perhaps more difficult to comprehend than, those applying
to simple alternators and dynamos," which has been made

by one 'author.

Tile present writer ventures to assert that, on the con-

trary, it is only by moans of a thorough grasp of the

principles of operation of the c.c. generator and its neur

relative, the alternator with a lap winding, that the rotary-

converter can be understood. In the book now placed
before the reader the subject is considered first of all us

c.c. machine, then as*- alternator, and finally aa rotary

converter.

In order to give the book as wide an appeal an possible

the treatment throughout is non-mathematical. Jiy

adopting this form it is hoped to be of assistance to men of

all grades who have to do with the running of rotary con-

verters, and who desire a closer acquaintance with the

principles involved in their operation. In working on thoHC

lines, much of what is given is in the form -of direct,

statement, without any proof of correctness being given ;

v a 2



vi PREFACE

this was unavoidable within the limitw of treatment laid

down. No particulars have been given of the construc-

tion of tlio machines or accessories, aueh aa switch-gear,

etc., excepting where such information is essential to a

proper understanding of the working of these.

In dealing with the operations of atarting and parallel-

ing, tlio aim has been to diaplay aa clearly as poasible the

principles on which the different inethoda depend, rather

than to describe the practice employed by thia, that, or

the other maker, and the diagrams used in this aection have
been specially prepared with that end in view. Complete
tliagrams of connections, while no doubt very imposing
in appearance, arc of little use, and are seldom worth ^ne

trouble of tracing out in detail. Moreover, they scorn to

have a knack of always differing in some respect from the

installation one its particularly interested in, even when

ostensibly representing a similar lay-out. The keen

student will derive more benefit from tracing out his own

job and making his own diagrams ;
in the process acquiring

an intimacy with it which is impossible from the study of

the same diagram ready made.

The information given on failure to synchronise and
reversal of polarity may b<! considered in some quarters
as unnecessary, yet, it can be very useful at limes. The

operations described for correcting these irregularities have
all been taken from actual practice, but should, nevertheless,

not be attempted unless the. principle underlying them is

thoroughly imdorsU>od. Anything in the nature of

merely learning the motions by rote from the book is

strongly to bo deprecated. Jn this e.oimoot.ion also, it is

realised that; the weope allowed for the exercise of initiative

in those matters, on the part o[ operators and attendants,
varies widely in dillerenl underUkings.

Tho last chapter in the book duals with the motor
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converter, a macliinc which in some points resembling,

yet in others differing from, the rotary converter, is

perhaps loss easily understood. In this chapter it has

been found convenient to demonstrate certain relation-

ships by simple mathematical statements : in each case,

however, care has been taken to state the Hue of reasoning
and the conclusion arrived at in ordinary language also,

thus preserving the character of the treatment throughout.
In conclusion, it is hoped that this book will help

readers to know the rotary and motor converters as they

really are, not a mystery, but very interesting pieces of

apparatus capable of being understood, so far as their

operation is concerned, by all who have to do with them.

If this object is attained, the result will be an added

interest, and increased efficiency, in. the performance of

duties which tend, by constant repetition, to become

monotonous and perfunctory.

The thanks of the author are due to Messrs. Mather

& Platt, Ltd., for their courtesy in response to a request

for information regarding their patent self-synchronising

system.

E. F. 8.
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ROTARY AND MOTOR
CONVERTERS

*
CHAPTER I

THE DYNAMO-ELEGTEIO MACHINE

The Three Essentials. The rotary converter belongs to

the class of dynamo-electric machines, which also includes

the continuous current generator and motor, and the

alternating current generator and motor. The dynamo-
electric machine has been defined as one in which, by the

agency of electro-magnetic induction, mechanical energy
of rotation is transformed into electrical energy, or vice

versa. In such machines there are three essentials upon
which the whole principle of operation is based. These

are (1) the magnetic flux, (2) the active conductors, and

(3) a relative movement between the two first in a particular

manner, when in accordance with the laws o/ electro-

magnetic induction, an. electro-motive-force is induced in

the conductors.

The magnetic flux in produced by the field magnets, and

passing through the armaturo which carries the conductors,
the movement of the one relatively to the other is furnished

by the rotation of cither the magnets or the armature, the

other member being stationary. In the rotary converter
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the field magnets are invariably fixed and the armature

rotates.

Magnetism. It is first of all important to realise that

magnetism always exists in a complete circuit, so that a

flux, ii followed out along its line of action, must bring'the

observer back to his starting point.

The familiar toy horse-shoe magnet, Fig. 1 (a), affords

a simple example from which to approach the large types

() K. 1.

of magnet used in electrical machines. The magnet, of

steel, is considered as being traversed by a flow, or flux,
of magnetism in a certain direction throughout its length,
which has the effect of holding the small keeper, or armature
close against the two ends of the magnet, these latter

being called the poles ; the flux traversing the whole

combination, magnet and armature, as indicated by the-

broken lines in. the figure.
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If the armature is pulled away from the poles against the

attracting force and held at a little distance, the flux

exists in the airgaps between it and the poles, the circuit

then comprising the magnet, the two airgaps, and the

armature, as in Fig. 1 (6). The reason for this is that up
to a certain distance away from the poles, the armature

plus the two airgaps offers a path of less difficulty, or lower

reluctance as it is called, for the flux than that direct across

through the air from pole to pole, although a small flux

will travel by the latter route.

As the distance of the armature from the poles is

increased the flux traversing it becomes less, more and
more crossing direct from pole to pole.

The flux is considered as having a definite direction, so

that where it crosses an airgap it may be said to leave one

pole of the magnet and enter the other.

This agrees with the two poles having different cha-

racteristics and for distinction they are named north and

south, the former being a pole which has the flux coming
out of it, and the latter one with the flux entering it.

The two poles are therefore said to be of opposite

polarity or sign.

AVlien the armature is near tho poles as above de-

scribed a large part of the flux traverses it, with the

result that it alao becomes a magnet having two opposite

poles.

A little consideration will show that as the /lux at each

airgap is leaving one polo of the horse-shoe and entering
one polo of the armature or vice versa, the two poles

adjacent to each other will be of opposite sign, shown by
the lettering N and S in Fig. 1 (6).

In accordance with, the law that
"

like poles repel and
unlike poles attract," there will then bo a force between the

two tending to close the airgap, and if this force is strong
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enough, whichever is free to move will do so until they

are in contact and the flux has an all steel path.

The flux is assumed to consist of lines of force travelling

in the given direction, so that the airgap may be considered

as being crossed by a number of lines of force leaving or

entering the poles.

A region or space traversed by lines of force is known

as a magnetic field, and the strength or density of the field

is measured in lines per square inch or square centimetre,

a field of unit strength being one which will produce a

certain effect which is capable of being measured by the

force it exerts. ,

The horse-shoe magnet just considered is of the type

known as a permanent magnet. That is, it has received

its magnetism from some other source and by virtue of an

inherent property of steel it has retained some when the

magnetising agent was removed, this giving it its name.

Except for very small machines, however, permanent

magnets could not be made strong enough, so that other

means are employed whereby fluxes can be obtained of the

densities required.

Electro-Magnets. It is found that a wire carrying a

current is surrounded by magnetic lines of force in such a

manner that, to an observer looking along the wire in the

same direction as the current is flowing, the flux acts in a

clockwise direction around it.

If the wire is formed into a coil of one turn the flux

will pass through the loop thus made, and the conductor

and flux will be linked one with the other, the total number

of such linkages depending on tiie strength of the current.

In a coil of two turns side by side the flux due to each

turn links with both, so that the total flux through the

coil is twice that with one turn for the same current.

Increasing the number of turns increases the number of
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linkages in proportion, the whole of the flux due to all the

turns passing through the coil and returning along the

outside to complete the magnetic circuit.

The force producing a magnetic flux is called a magneto-
motive-force or ni.m.f

., which term is analogous to electro-

motive-force or e.m.f . in an electrical circuit.

The m.in.f. is proportional to the ampere-turns of the

coil, that is, the product of the current in amperes and the

number of turns in the coil, so that by varying either of

these the m.in.f. may be varied.

If the coil has no solid core, or has a core of some non-

majmotic material, the flux will be proportional to the

m.m.f. and will always be the same for a given value of the

latter, whatever be the material of the core.

With iron or steel cores, however, this does not hold

good, as in the first place greater fluxes will be produced
with a given m.m.f. than with non-magnetic cores, while

with different qualities of these two metals the flux densities

will also vary. Further, as the density in an iron or steel

core increases, a state is reached when an increase of

m.m.f. brings about a comparatively small change in the

flux, the core then being said to be saturated.

The stronger flux produced in iron or steel in due to the

greater permeability possessed by these metals, this term

referring to the readiness with which any subntanco permits
of the passage of the flux, and being therefore the opposite
to reluctance.

By the inclusion in any part of a magnetic circuit of an

iron or steel path, the reluctance of the whole circuit is

reduced and the whole flux increased.

Practically all other substances are non-magnetic, that

is, tlieir permeability w the same as that of air, and a

magnetic flux is not affected by their presence.

Magnets deriving their m.in.f. from the current in an
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encircling coil are called electro-magnets, and have the

advantage that the flux density may be controlled by

varying the exciting current.

When the direction of the current in the coil is known,

the direction of the flux can be deduced from the statement

above referring to a single wire. If an electro-magnet is

viewed from the side with its axis horizontal, so that the

current is passing upwards in the side of the coil nearest

the observer, the flux will be clockwise round the wires at

the top, and anti-clockwise round those at the bottom of

the coil, and therefore from right to left in the core
;
the

north pole will be on the observer's left hand. r

By placing the right hand palm downwards on the coil

with the fingers parallel to the turns and pointing in the

direction in which the current is flowing, the thumb, held

out at right angles to the fingers and across the turns

parallel with the core, will indicate the direction of the

fliix; will point to the north pole. Also, if the coil is viewed

from one end, the south pole will be towards the observer

if the current is flowing round the coil in a clockwise

direction, and the north pole towards him if the current

is anti-clockwise.

All these relations may be checked by means of

the diagrams of a horse-shoe shaped electro-magnet in

Fig. 2.

Electro-magnets are used in all dynamo-electric

machines, those having permanent magnets being known
as magneto-electric.

Multipolar Magnets. Field magnets for rotary con-

verters usually have more than two poles, and are then

termed multipolar. They take the form of a ring having

inwardly projecting arms, the former being known as the

yoke and the latter the pole-pieces or poles. There must

be. an even number of poles, and the exciting coils, which
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are mounted on the pole-pieces, are so connected as to give

adjacent poles opposite signs.

I

f-
Fig. 2.

Eig. 3 represents a field magnet having four poles, the

Fig. 3.
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exciting circuit being indicated, and the paths of the fluxes

shown by the broken lines. In the space between the

poles is the armature, which is cylindrical and carries the

flux from pole to pole. It will be seen that the flux in any

pole divides into two parts, each flowing in opposite

directions, both in the yoke and in the armature.

The aicgaps between poles and armature are made very

small on account of their high reluctance, and to prevent

leakage of the flux from one pole to the next without

entering the armature. The result is that the flux passes

across the airgap and lies practically at right angles to the

motion of the surface of the armature under the poles.

The Active Conductors.- The second essential to^he

operation of the machine, the active conductors, are

arranged in. slots formed lengthwise in the armature sur-

face, being insulated from the core and from each other.

In this position, when the armature rotates they are carried

round with it and are thereby caused to pass through the

flux.

TheMotion.- This movement of the conductors through
the flux constitutes the third vital element in the machine,
and it is partdcularly to be observed that the movement
takes place in a direction at right angles to the length of the

conductor, and also at right angles to the flux. That is,

the conductor moves sidewise and not endwise
; cutting

across the flux, not moving parallel to it.

Electro-Magnetic Induction. By the law of electro-

magnetic induction, when a conductor is caused to move in

a magnetic field in such a way that it outs across the flux,

an electro-motive-force is induced therein.

A definite relationship exists between the direction of

the flux, direction of motion of the conductor, and direction

of the induced e.m.f., and this may conveniently be indi-

cated by Dr. Fleming's right-hand rule, in which the fore-
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finger, thumb, and centre finger

to denote flux, motion, and e.m.i

If the hand is held with th

right angles to each other, that is

with the hand as in pointing, the centre*

angles to the palm, and the thumb extended sideways from

the palm, the directions in which these are pointing will

give the indications required.

For example, at a north pole, the hand is held with the

fore-finger pointing towards the armature and the thumb
in the direction in which the armature moves at that place,

when the centre finger held in the proper manner will lie

parallel with the armature conductors, and as stated above

will indicate the direction of the induced e.m.f. in the

conductors under that pole.

The reader is urged to familiarise himself with the

right-hand rule, observing that with the same direction of

rotation, reversing the flux reverses the e.m.f. induced.

Similarly with the direction of flux unchanged, reversing

the motion also reverses the e.m.f.

In view of the assumption that current flows in the

direction of the e.m.f. the centre finger may also represent
the current, the memory being assisted by associating the

initial letters of fore-finger and flux, and centre finger and

current, while the word thumb, when spoken, runs naturally
into its associated term, motion.

The value of the e.m.f. induced in a conductor depends
on the rate at which it cuts the flux, that ia, the number of

lines of force cut in a given time.

This rate of cutting will depend on three things,

namely, the flux density, the active length of conductor,

and the speed of the conductor.

If two or more conductors are joined in series so that

their e.in.fs. act in the same direction, this is equivalent
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to increasing the active length, and the e.m.f. available will

be increased in proportion.
In practice, the total active length of conductor is

fixed by the design of the machine, and cannot be varied

when this is in operation.

Likewise, the speed of the conductors is usually fixed

by the necessity for running the engine, or other driving

agent, at that speed at which it is designed to develop its

rated power.
The flux density, however, is readily controlled by

altering the value of the exciting current, and this is the

means invariably employed to control the e.m.f. generated

by machines in commercial service.

It will be evident that as the conductors pass under

successive poles, these being of opposite sign there will be

reversals of the e.m.f. induced.

Leaving out of consideration, for the moment, the

connections between the conductors and viewing only
their active parts, i.e. those parts embedded in the armature

slots and therefore cutting the flux, it will also be evident

that when the armature is revolving there will be, at every

instant, a group of conductors under each pole.

The conductors of any one group will have their e.m.fs.

in the same direction, while the e.m.fs. in conductors in

adjacent groups will be in opposite directions.

The groups themselves will be stationary, while the

individual conductors forming them will pass from one

group to the next and so on, their e.m.fs. alternating in

direction as they do_so.

This is shown in Fig. 4, which represents the armature
and field poles of a four-pole machine.

The small circles on the armature represent the con-

ductors in cross-section, while tibe crosses and dots in them
show the direction of the induced e.m.fs., the cross indi-
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eating the tail and the dot the point of an arrow flying away
from or towards the reader.

The blank circles represent conductors in those parts of

the field midway between the poles, in. which no e.m.f.

is induced owing to their motion being parallel to the flux.

These positions are known as the neutral points of the

field.

As the conductors are distributed symmetrically round

Fig. 4.

the armature it follows that the diagram may be taken to

represent the armature and conductors at practically any
instant while they are revolving.

The groups of conductors having opposite e.m.fs. will

be observed, and it is hoped that there will be no difficulty

in grasping the idea of stationary groups of moving
conductors.

Field Excitation. Before passing on to the considera-

tion of the means employed to utilise the e.m.fs. induced
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in the conductors, the question of the source of excitation

fox the field magnets may be disposed of.

As most dynamo-electric machines are self-excited,

that is, they have their field magnets excited by current

generated by the machine itself, it becomes necowBary that

the magnets should possess some permanent magnetism
when the exciting current is absent.

Were the magnets dead under these conditions, there

would be no flux to start the exciting current and nothing

could be done with the machine until a flux WUH pro-

vided.

Fortunately, as remarked earlier, steel has the property,

when once magnetised, of retaining some of the flux after

the exciting agent is removed, and for thin reason field

magnets are made of steel.

This remaining flux, called the residual flux, is Hufli-

cient to induce a small e.m.f. in the conductor when the

machine is started, and this sends a current through the

exciting coils which builds up the flux to its full value, as

the e.m.f. increases. Thus the machine is entirely wlf-

exciting.

Keld coils are usually joined in seriew with each other,

and connected to the main terminals of the machine 1
, a

variable resistance or regulator being included in the circuit

to allow of the excitation being varied at will.

When connected in this way the machine in termed

shunt wound, the field circuit being in shunt or para lit4

with the load.

In another method the coils are connected in nories

with the main circuit of the machine, HO an to carry the loud

current. This is known as series excitation, and ou account

of the larger current the field coils arc of fewer turnH of

heavier gauge than with shunt excitation.

In the shunt-wound machine the e.m.f. available at the
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main terminals falls off as the load increases, owing to

increased pressure losses -with the heavier current.

This tendency may be removed by providing a few turns

of series field winding so that the excitation varies with the

load, the machine then being said to be compounded.
When over-compounded, the series turns are sufficient

to cause the terminal pressure to rise with increasing load,

this being desirable in certain circumstances.

Rotary converters are either shunt or compounded, as

required by the conditions under which they are to work,
this point being more fully dealt with when the subject of

pressure control is reached.



CHAPTEB II

THE CONTINUOUS CURRENT GENERATOR

The Lap-connected Winding. In the last chapter it was

seen that e.m.fa. are induced in the armature conductors

i as they pass under the poles of the field. The mean? of

| making these e.m.fs. available at the terminals of the

machine has now to be considered. By connecting two or

more of the conductors together in series .their e.m.fs.

may be added, and the winding takes its name from the
1 manner in which this is done.

The type of winding invariably used in the rotary

converter is the lap winding, in which the conductors are

connected so as to form a number of coils overlapping one

another and so advancing progressively round the armature.

Each coil consists of one turn, or two conductors with their

end connections, and in order that the e.m.fs. shall be in

the same direction round the coil, the conductors must be

spaced so that the distance between them is approximately

equal to that between two poles of opposite sign, or ono

pole pitch. The whole forms a closed winding, sym-

metrically distributed round the armature core, so that

by starting at any point, it may be traced out until all the

conductors have been traversed and the starting point

regained.

Such a winding would be very difficult to represent in

a diagram, owing to its cylindrical shape. The plan has

14
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been adopted, therefore, in Fig. 53 of showing only a part
of the winding as if it were laid out flat ; sufficient being
taken to embrace three of the field poles, these being
indicated by the heavy broken-line rectangles, and their

polarity by the letters N and S. No reference is made to

the total number of poles in the field, this being immaterial,

as will b understood from the following.
It is a characteristic of the lap winding that there, are as

many separate parallel paths from negative to positive

brushes as there are poles in the field, the conductors in

any one of these paths being under the influence of a pair of

adjacent poles. By taking three consecutive poles and

a corresponding part of the armature winding for con-

sideration, we may study what is going on between one set

of brushes on the commutator and its immediate neighbours
on either side, or in two of the paths through the winding.

Bearing in mind that both the field system and the

armature winding are symmetrically arranged, it will be

clear that the diagram may represent any three poles o

the given signs out of a field system of any number of pairs

of poles, and alwo any equal number of armature conductors

from any part of the corresponding winding.

Furthermore,, the panic diagram may be taken to repre-

sent the winding at practically any instant (hiring the

rotation of the armature.

It will be understood that the number ol! conductors

in the winding shown in the diagram has purposely been,

made small, as it would be impossible to show in a small

diagram the large numbers used in actual practice. This,

of course, in no way aiTeets the principle involved.

Tim diagonal lines at the top and bottom of the figure

represent the. end connections, and the .straight lines

between them the active? conductors. Actually, the con-

ductors do not lie singly in the slots, several being grouped
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together in each slot. Further, the conductors are arranged
in two layers, the end connections running opposite ways
from the conductors in each layer. Thus if the left-hand

conductor of a coil is at the top of its slot, the right-hand
one will be at the bottom of its slot, and by this means the
end connections are kept clear of each other. The upper
layer of conductors and connections in Fig. 5 is shown by
full lines, and the lower layer by broken lines.

It will bo observed that so far no reference is made to a

commutator, neither is one shown in Fig. 5, as it is desired

to emphaHiso the fact that the winding is complete without

the commutator, which is simply a means for making
coniToction between the armature winding and the external

circuit in a particular manner.

Considering the field poles in Fig. D as being above the

page and pointing downwards, and the motion in the

direction indicated by tlio arrow above the figure, the

right-hand rulo will show that the e.ni.fs. induced in the

conductors will be in the directions shown by the arrow-

heads thereon. Tracing tho winding out from the con-

ductors in the neutral zones of the field, marked 0, it will

bo found that those next connected to them on either side

have their e.ni.fs. in opposite directions, and that of a

group of conductors in series between one neutral zone and

the next, all have their e.m.fn. in the same direction, aud

therefore cumulative.

The number of neutral points in the winding will equal

tin 1
, number of polos, and tho latter being an even number

(any number of pairs of poles) the number of series groups

of o.m. fn. induced in tho winding will also be even. As

tho e.iu.f.s. iu successive groupn are in opposite directions,

there, will bo an equal number of o.m.fe. in each direction,

HO that the sum of the e.m.fs. acting round the winding

is zero.

o
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The steps gone through in reaching this point may be

repeated briefly.

"When the armature is rotating, all conductors under

poles of piTn^fl 'T'

sign have, at any instant, their e.m.fw.

in the same direction, those under poles of opposite signs

having e.m.fs. in opposite directions.

By the lap method of connection, conductors situated

a pole pitch apart are joined to form one turn of the 'winding,

successive turns being again joined in series so as to form u

continuous winding.

"When the armature rotates the magnetic field divides

the winding into sections having alternately opposing

e.m.fs, the numbers of opposing sections being equal,*and

the sum of the e.m.fs. round the winding therefore zero.
_

The magnetic field being stationary tho distribution of

e.m.fs. in the winding is also stationary, the individual

conductors passing from one section to another at the.

neutral points of the field, and the total number in each

section remaining constant.

This may be shown diagiammatically by drawing n

circle to represent the closed armature winding with all

its conductors in series, as in Fig. 6 for a four-polo machine.

The neutral points a, 6, c, and d, are shown dividing tlm

conductors into four active groups, the arrowheads in ouch

of the latter indicating the direction of the induced u.m.f.

therein.

Between any two adjacent neutral points there will bo

the full pressure due to the added o.m.fs. of the conductors

between them in series.

On the other hand, between alternate neutral points

as a and c, or d and &, there are two sections of the winding

having opposing e.m.fs. so that the pressure between thcne

points is zero.

It will be necessary, then, in order to get the full pressure
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generated by the machine, to connect the external circuit

to the winding at those neutral points situated one pole

pitch apart.

AH all the conductors, in turn, occupy the neutral

points, the connection has to be made by providing

stationary brushes rubbing on contact surfaces connected

to the conductors.

The Commutator. Tlio commutator is simply a suc-

cession of extended contact surfaces arranged in the form

of a cylinder and revolving with tlie winding, so that

Ntationary brushes bearing thereon maintain a constant

connection between the moving winding and the stationary
external circuit.

It will be seen in Fig. (i that tho neutral points a und c

have the e.m.fs. in tho adjacent sections of tho winding

acting towards them, while at b and d the e.m.fs. are acting

away from the neutral points. The former will be positive

and the latter negative, as the current which flows in the
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direction of the pressure is assumed to leave the generator

by the positive brushes and return to it by the negative.

The brushes resting on the commutator at bars con-

nected to conductors in neutral points a and o will therefore

be positive, and may be connected together as there is no

difference oJ; pressure between them. Brushes making
contact with points 6 and d will be negative and may also

be connected together, the common connections of oacli

set of brushes being taken to the main terminals of tho

machine.

. By tracing out the paths through the winding it will

be found that there are as many between brushes of opposite

sign as there are poles in the field, in this case four, and in

parallel with each other.

When the machine is on load tho current will divide

equally between the various paths, and each set of bnwhw*
will carry only a portion of the current, according to tho

I number of poles in the field.

The connection between the commutator bin's and, the

Winding is made as shown in Fig. 7, which is identical with

Fig. 5 except for the addition of the commutator bunt nfc

the bottom, the brushes being shown by tho shaded

rectangles + and
, positive and negative respectively.

There are two conductors connected to each bar and
the winding takes one turn between each pair of adjacent
bars, so that the difference of pressure between th latter
is that due to two conductors.

Owing to the connections to tho commutator buing
made in the middle of the front oncl connectors, th
brushes are not placed opposite the neutral points of the
field, but opposite the centre of the polo pieccH, tho neutral
points of the commutator being staggered half a polo pitch
from those of the field.

Load Torque. The distribution of the current in the
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winding when the machine is on load is shown by the

arrow-heads in Fig. 7, and is the same as that shown in

Fig. 5 for the e.m.fs.

Now when a conductor carrying a current in placed ut



22 EOTABY AND MOTOR CONVERTERS

right angles to a magnetic field, it is acted on by a force

tending to move it in a direction at right angles to its own

length and to the flux.

/ This is so whether the current is that due to the e.m.f.

j induced by its own movement or not.

The direction of the force is found by Fleming's left-

hand rule, in which the fore and centre fingers stand for

flux and current as in the right-hand rule, while the thumb
shows the direction in which the conductor is urged to

move.

Applying this rule to Fig. 7 it will be seen that the
effect of this force is to oppose the rotation of the con-

ductors, -thereby imposing what is known as a load torque
on the armature which has to be overcome by power from
the engine which is driving it, all the time the machine is

acting as a generator.

, Tie load torque is proportional both to the current and
; the flux, so that an increase in the load by increasing the
armature current produces a larger torque, more power
being therefore required to maintain the rotation.

The rektionship between flux, motion, e.m.f., current
and torque, can be illustrated very simply by holding out
both hands together, as in the right- and left-hand rules.

Both fore-fingers being made to point in the same
direction, as representing the same flux, and both centre

fingers in the same direction at right angles to the former,
that on the right hand will indicate the e.m.f. induced, and
that on tfre left hand the direction of the current.

The thumbs will now be found to be pointing in opposite
directions, the right hand showing the motion producing
the e.m.f. and current, and the left thumb the force acting
on the conductors as a result of the current.

Commutation. If tie conductors in the neutral posi-
tions in Fig. 7 are traced out it will be found that they form
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turns of the winding which are short-circuited lay the

brushes, these bridging the two commutator bars between

which such conductors are connected.

In this position the current in the coils is said to be

undergoing commutation, the process of which is as follows.

J 2 3

ii

Jfig. 8.

"Fig. 8 may bo taken as representing either three neigh-

bouring coils at a particular instant of time, or a single coil

at three successive instants during its passage through, the

neutral zone.

Up to the moment of arriving at the position marked 1
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the coil is carrying the full current of that section of the

winding of which it forms a part, in a clockwise direction

on its way to the brush, which is therefore marked +.
Between positions 1 and 2 the brush bridges the gap between

the two bars of this coil and the current has a direct path
from the coil behind to the brush; the current in the

short-circuited coil therefore falls to zero.

"When the leading bar of this coil passes out from under

the brush into position 3 it then forms part of the next

active section of the winding and has to carry the full

current once more, but this time in the opposite direction,

or anti-clockwise round the coil.
1

If it were possible for the current to stop and start

instantaneously, no difficulty would arise over com-

mutation, the current ceasing from one direction and

re-starting in the other as the coils were cut out of and into

, the active sections of the winding. ,

Actually, however, it is not possible for the current to

change its value in this manner, on account of the effect of

self-induction, which is a property possessed to a greater
or lesser degree by every current-carrying conductor.

This- property will be more fully dealt with when we
come to consider alternating currents, but it will suffice

here to say.that when there is a change in the value of the

current in a conductor, the effect is to induce in the con-

ductor itself an e.m.f. which tends to oppose such change.
This is known as the e.m.f. of self-induction or reactance

e.m.f., and other things being equal, the greater the current

change, or the greater the rate at which the change takes

place, the greater will be the reactance e.m.f.

At the first instant of the brush bridging the gap between
the two bars of a coil, the contact between the brush and
the newly arriving bar is very slight and the resistance
of the contact comparatively high.
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The current therefore flows partly across this contact

and partly round the coil to the leading bar, and so to the

brush,

As the bar moves on. the area of contact increases and
the contact resistance correspondingly decreases, more
current passing direct and less round the coil, until the whole
of the armature current is passing direct from the second

bar to the brush.

The reactance e.m.f., however, delays the fall of the

current in the coil, so that it reaches zero later than it would
if it were only dependent on the varying contact between

the brush and the second bar.

Similarly, when the leading bar is about to leave the

brush, the contact resistance gradually increases, so

diverting more of the current round the coil until the bar

leaves the brush, when the coil lias to carry the whole of

the current.

Here, now, the reactance c.in.f. opposes the rise of the

current with the result that when the bar leaves the brush

the current has not reached the full value in the coil and has

therefore rapidly to change its value. This causes an

increase in the rutictunce e.m.f. mid may result in the current

from the bar to the brush persisting after the two have

separated, HO giving rise to sparking.

To prevent this sparking, with its injurious effects on

the commutator, it is necessary to use some, means of

assisting the reversal of the current.

The. method in general use consists of bringing the coils

under the influence of a reversing flux during the time they
are short-circuited by the. brushes.

At one time this was done by shifting the brushes

forward in the direction of rotation of the armature, HO

that the coils, when short-circuited, were in the field of the

next pole ahead, instead of being in the neutral zone. By
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this means an e.m.l was induced in the coils in a direction

opposite to the current at the moment of short-circuiting,

thereby assisting the reversal and counteracting the effect

of the reactance e.m.f.

Several disadvantages attached to this method, the

chief being that as the load increased the brushes required

advancing still further, while on the load decreasing they
had to be brought back.

This was due partly to the greater current at heavier

loads requiring a stronger reversing-flux, and partly to the
fact of the increased armature current producing a reaction

distorting the main flux in the direction of rotation.

Furthermore, the shifting forward of the brushes

introduced an additional armature reaction whereby the

flux was weakened by increased armature current.

For these reasons the method of giving
"
lead

"
to the

brushes to obtain sparkless commutation was very un-

satisfactory, especially for machines dealing with varying
loads, so that with modern machines a reversing-flux is

provided by commutating poles. These, also called

auxiliary, or interpoles, are fitted to the main field magnet
frame midway , between each pair of main poles.

They are fitted with exciting coils which carry the whole
or a part of the load current of the machine so that thu

strength of the reversing-flux varies with the load, and
consequently with the current to be reversed in the
armature coils.

A little consideration will show the polarity required
at the interpoles in relation to the main poles.

Previously to arriving at the commutating zone the coil
has been carrying a current in a direction corresponding
to the e.m.f. induced by the flux it has just passed through.
While in the neutral zone this current has to fell away to
zero and then build up in the reverse direction, or that
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corresponding to the e.m.f. induced by the next poles

The conumitating poles, therefore, must be of the same

sign aa the next poles in the direction of rotation, and

accordingly an e.m.f. is induced in the coils under them
which hastens the fall of the former current to zero ;

the

coil being short-circuited by the brush a current starts in

the new direction, which, with correct design, will reach the

value of the armature load current by the time the leading

bar of the coil leaves the brush.

By the use of interpoles tho brushes may be kept in a

fixed position for all loads, and modern rotary converters

are invariably provided with them.

Although, in the diagrams used here, the brushes are.

shown as only wide enough to cover two commutator bars,

in actual practice they usually cover at least three and

sometimes four bars. This increases the short-circuiting

period, so allowing more time for the process of current

reversal.

Armature Reactions. When carrying current, the

armature of a c.c. generator becomes, in effect, an electro-

magnet having the same number of poles us the field system
of the machine.

It has already been noted that all the. conductors

under any one pole of the field form a group having their

currents in tho same direction. Each of these groups

will be encircled by a flux due to tho current therein,

and these fluxes will be in alternate directions in the

core, that is, towards and away from .successive neutral

points.

Referring to Kg. 9, which is u cross-section of thowinding
and field magnets of Fig. 7, with the addition of inter-poles,

and bearing in mind the direction of the iiux encircling

a current-carrying conductor, tho derivation of the heavy
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broken lines, representing the fluxes due to the armature

currents, will be readily understood.

The armature poles are located at the points where the

flux enters or leaves the core, these coinciding with the

neutral zones of the main field : the armature poles are

therefore displaced from the field poles by one half a pole

pitch, and their sign is the same as that of the next field

pole ahead.

In completing its circuit the armature flux crosses the

air-gap and travels across the field pole, so that where it

enters or leaves the pole it either reduces or increases the

main flux, according to the sign of the latter.

& \ O i ; O i"

!Oi ,'Q!,'

Fig. 9.

The total result is that at each pole the flux is reduced

at the leading tip and increased at the trailing tip, so

producing a displacement or distortion of the main flux

in the direction of the rotation of the armature.

The armature flux producing this distortion is known
as the cross flux, and varies with the armature current and
therefore with the load on the machine.

The efiect of the cross flux was briefly referred to in

connection with the practice of giving lead to the brushes to

prevent sparking. The other armature reaction mentioned
at the same time will be explained here, although it does
not arise in 'machines where the brushes are kept in the
exact neutral point midway between the poles.



THE CONTINUOUS CURREN&'

"We have seen that the anna

inciding with the neutral points of

being the points on either side o:

opposite directions.

Now the distribution of the

depends on the position of the brushes

in the neutral zones of the field, the current distribution

corresponds to the distribution of the e.m.fs. induced in

the conductors, the latter being fixed by the flux.

If the brushes are moved forward, however, the coils

which are in the neutral zones of the field are thrown into

circuit, while those which are short-circuited by the brushes

are in the flux of the next poles ahead, this flux then being

used to assist the current reversal.

The neutral points of the current distribution no longer

coincide with those of the e.m.f. and as the armature flux

arises from the current, the armature poles are shifted

forward and therefore approach more nearly the poles

ahead.

Instead of the distortion being uniform as before, the

leading pole tips will be weakened more than the trailing

ones are strengthened, and the total flux will be reduced

accordingly, as well as distorted.

If it were possible, leaving out other considerations, to

move the brushes forward through one-half a pole pitch,

the centres of the arnuiture poles and field poles would

coincide, and there would be weakening but no distortion.

The armature flux may bo divided into two parts, the

cross flux and tho back flux, these having differing relative

values depending on tho position of the brushes.

With tho brushes in the neutral zones of the field the

back flux is zero and bhu effect wholly distortion, while

with a forward nhift of half a polo pitch the cross flux is

zero and the effect weakening only.

3389



30 ROTARY AND MOTOR CONVERTERS

For intermediate position.?) there i.s a combination of

distortion and weakening.
From the foregoing it will readily be seen that if the

brushes are moved backwards or given lap;, the armature

poles are brought nearer to the field poluH behind, or to poles

of unlike sign, the effect them of the. reaction being to

strengthen the. main flux in addition to the, distortion,

When examining JFig. 9 it might bo thought thnt tin*

commutating poles would neutralise the cross Hux, tin the

two fluxes are in opposition in the neutral Bone. This

is not BO, however, owing to tho magne.tic pat.h provided

by the adjacent main pole pieces,

If the interpoles were left unexcited a purl, of the crown

flux would pass through them, completing its circuit

through the yoke and adjacent interpolcs. Nuilieieat

m.m.f. has therefore to be provided by the inter] iole coils

to balance tho effect of the armature. cross itux in 1 he

interpole circuit.

With this alone, however, there would still In- no

reversing flux under the interpoles, no that to furnish this

additional m.m.f. in required.

The total result is that the rims ilux is neutralised

under the interpoloH and the oommutatmg ilux (which is

of opposite sign) established in itw Htead, the crons ilux

being diverted to tho main pole pieoen.

The ampere turnn of th(j interpolew have tlifn-fon- ('

be greater on account of the prow Ilux than (.hey would
be if tlie latter did not exist, but uoverthelenH tile inli-r-

poles do not prevent dintortion of the main Held Ilux.

The cross flux may bo noutralined and distortion pre-
vented by fitting a compensating winding consisting of

conductors embedded in slots in the polo faces so as to He-

parallel to the armature conductors. By connecting these
so that tho current in them is in tho opposite direct ion
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to that in the armature conductors under them, a cross

m.m.f . is produced in opposition to that due to the armature.
The compensating winding is arranged in series with the

load so that the compensating m.m.f. varies equally with
the armature m.m.f. and thus distortion of the main field

is prevented.

Compensating windings are often used on modern C.Q.

generators, but are not used for rotary converters, as owing
to the peculiar operating characteristics of the latter the
armature cross m.m.f. is. practically non-existent.

The reader should not confuse the damper winding
usually fitted to the poles of rotary converter with the

winding just described, as the damper has a totally different

duty to perform, besides being unconnected with any
external circuit. This will be dealt with in due course.

Equalising Rings. In Fig. (i it will bo seen that

between any two points diametrically opposite, that is,

two pole pitches apart, the effective pressure is zero,

there being included in the arc of the circle between

them equal lengths having arrows in opposite directions.

As long as the e.ni.fs. induced in each section of the

winding are exactly equal this will hold good.
It sometimes occurs, however, that there, arc slight

differences in the. strength of the flux under poles .situated

iu different parts of u multipulur field magnet.
This may be brought about in various \vays.
For instance, when the, yoke, is divided so UK to allow

of the top half being removed in order to take, out the
armature when required, the. joints, if not carefully fitted,

may have sullicieiit reluctance to cause a sensible, reduction

of the flux in the circuit containing them as compared with

those circuits without.

Or the armature may not bo exactly central in the space
between the poles, owing to wear of the bearings or othor



32
' ROTARY AND MOTOR CONVERTERS

cause. In these circumstances some of the airgaps will be

wider than others, the differences of the reluctances thus

varying the flux in the several magnetic circuits.

On account of this the e.m.fs. induced in the different

sections of the winding may be slightly unequal.

Owing to the fact that under any one pole there are

located parts of two adjacent sections having opposing
e.m.fs. there will be no unbalancing of the opposing

pressures round the armature, and consequently no circula-

ting current in the winding alone.

When the brushes are placed on the commutator,

however, the connections between brushes of like sign will

form cross connections to the armature winding, and if

unequal pressures are present in the latter, currents will

circulate via the brushes and their connections.

When the machine is on load the current will divide

unequally between the several paths through the winding,

according to the pressures induced therein.

Some sets of brushes will therefore be carrying more
current than others, and this in turn will affect the com-

mutation owing to the differing values of the current at

separate commutating points.

In order to avoid this, points in the winding at intervals

of two pole pitches apart are connected together by
conductors of low resistance.

One such conductor, known as an equalising ring or

equipotential conductor, will therefore be connected to

the winding at one point for each pair of poles in the field.

If each successive coil was connected to its fellown

two pole pitches away, the total number of equalising ringn
would equal the number of coils per pair of poles ;

but in

practice it is usual only to connect about every fourth coil

in this fashion. By this means the number of rings is kept
down and quite efficient results nevertheless obtained.
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Any inequality in the flux under different poles will

cause currents to circulate in the equalising rings rather

than via the brushes and their connections, and so unequal
distribution of the load current between the sets of brushes

is prevented.

Parallel Operation. Two or more generators having
their terminal pressures equal may be connected together,

positive to positive and negative to negative, in parallel.

As their pressures are in opposition when so connected

there will be no current in the circuit formed by the two
machines

;
but if an external circuit is connected to the

combination a current will flow therein' which will divide

equally between the armatures of the generators.

One machine may be made to take a larger share of the

load by increasing its field, and so raising the terminal

pressure, or by lowering the pressure generated by the other.

The way in which generators behave when in parallel

depends largely on the way in which their terminal pressures

vary with changes in the load, or what is known as the
"
characteristic

"
of the machine.

The characteristic of a generator is the name given to

a curve which is drawn from observations of the terminal

pressures available with varying loads.

If the- terminal pressure at no load is the same as at

full or other loads, the curve will be a horizontal line ; such

is a
"

flat
"

characteristic.

If the pressure at full load is lower than that at no load

the curve will fall towards its full load end, and is then

known as a
"
drooping

"
characteristic.

On the other hand, a machine which gives a higher

terminal pressure at full than at no load is said to possess

u
"
rising

"
characteristic.

The ordinary shunt-wound c.c. generator has normally

a drooping characteristic, on account of the increased
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pressure drop due to armature conductor and brush, contact

resistance with heavier loads.

Compounded machines will have characteristics depend-

ing on the amount of compounding for which they are de-

signed ; whenorer-compoundedhavingarisingcharacteristic.
Machines having drooping characteristics will, in general,

run stably in parallel, and the extent to which they will

maintain equal division of load depends on the similarity

or otherwise of their characteristics.'

Those machines in which the pressure drops to a greater

degree with increased load will have a tendency to respond
less readily to changes in the total load, when in parallel

with, others having flatter characteristics, on account of

the unequal effects of such changes on the terminal pressures
of the two classes of machine.

Over-compounded generators, in which the pressure-

rises with increased load, will not run stably in parallel

unless special equalising arrangements are provided.

Without these any difference between the loads carried

by separate machines has the effect of increasing the field

of the one having the heavier load, so increasing the in-

equality of the loads, this being the opposite to that which

occurs with drooping characteristics.

Eurthermore, with compounded machines iu parallel,

if the pressure generated by one of them were to fall from

any cause, such as the slowing down of the engine, there

would be a reversal of the current through the armature of

this machine. The series field current would also be

reversed, reducing the flux and lowering the generated

pressure still further, so that the polarity of the field magnets
is in danger of becoming reversed.

Equalising is brought about by connecting together the.

inner ends of the series windings of all the machines, that in,

the ends nearest the brushes.
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By this means they are all placed in parallel between the

load and the equaliser, while the armatures are in parallel

"between the equaliser and the other side of the system.

The connections for machines in parallel are shown in

Kg. 10, (a) being for shunt-wound and (6) for compound.
It will be seen that if the resistances of the series windings

axe equal, the load will divide equally between them, even

if the machines are carrying unequal loads in their armatures

by having differing values of shunt field excitation, in which

case the difference of the armature currents flows over the

equaliser.

Any tendency on the part of one machine to pick up
load from the others has no effect on its field

;
rather the

machines are now in the position of having drooping
characteristics to such changes, the series winding not being
involved ;

so stability is maintained.

Even if the current is reversed in the armature of one

machine there is no change in the series field current, and the

polarity is safeguarded from reversal.

The figures against various parts of the circuits in

diagram (&) represent the current in amperes for a supposed
case of unequal loading of the machines, the part played by
the equaliser being thereby clearly shown.

The series winding is shown as on the negative side, but
it might equally well be on the positive side : obviously,
machines to run in parallel must all have their series

windings on the same side for equalising.
Sometimes the equaliser connections are brought to

switches and an equalising bar on the switchboard, whilo

often the switch is mounted on or close to each machino,
and an equaliser cable is run from one to the other.

In all cases the equaliser switch must be closed beforo,
or at the same time as, switching the machine on to the

bus-bars, and not opened until after switching oft load.



CHAPTER III

THE CONTINUOUS CURRENT MOTOR

Motoring Torque and Back E.M.F. If wo take a shunt-

\vmind c.c. generator which is miming in parallel with

other generating plant, and gradually reduce the field the

armature current will fall to zero.

A further reduction will cause the generated pressure

to fall until a current begins to flow in the opposite direc-

tion through the armature, and by applying the left-hand

rule we sec that the conductors are now acted upon by a

force urging them onwards in the direction of their former

rotation.

It is to be observed that the field current is not reversed,

the signs of the terminals remaining unchanged, and the

pressure, generated in the armature only having fallen to

a comparatively small extent below its former value.

The. current will depend on the. difference between the

generated e.m.f., or back e.m.f. as it is now called, ancl the

pressure supplied by the other generators, this being known
as the. impressed pressure.

By extending the ringem and thumbs of both hands

togethev, as in the right- and left-hand rules, and giving the.

same direction to flux and motion 'in each, the relation

between the current causing the motion, and the back

e.m.f. generated as a result of that motion, may be readily

seen.

a?
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The engine which we have assumed as driving the

machine as a generator previously may now be left out of

consideration, the latter acting as a motor receiving

electrical energy from the other plant and converting it

into mechanical energy of rotation.

If the armature is stationary and an external supply is

connected thereto, current will flow in the winding and the

armature will rotate, the direction of the motion depending
on the relation between the flux and the armature current.

The winding is divided by the commutator brushes

into sections, so that all the conductors under poles of

the same sign have their currents in the same direction,

while in those under poles of different sign the currents

are in opposite directions.

All the conductors therefore produce a rotating force

in one direction.

A back e.m.f. will be induced in the conductors by
their motion through the flux, and the difference between

this and the impressed pressure will adjust itself auto-

matically, until it is sufficient to transmit the power

required to maintain the rotation of the armature against

the various opposing forces, such as friction, windage, etc.

Should this difference be too small, the machine will

slow down until the falling of the internal e.m.f. allows a

larger current to flow, while if the difference is too great
the excessive current causes the speed to rise, increasing

the back e.m.f. and thus reducing the power input.

Changes in the load being driven by the motor are met
in this fashion, the speed variations of a shunt-wound

motor in actual operation being comparatively small

between no load and full load.

Variation of the field strength of a motor has the effect

of varying the speed ;
a decrease in the flux, by reducing

the back e.m.f., increases the armature current and raises
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the speed, while increasing the field strength reduces the

Commutation. In a motor, exactly as in a generator,
the conductors have their currents reversed as they pass/ J.

under the brushes.

There is this difference, however, that in any active

part of the winding, the current is in the opposite direction

to the induced e.m.f ., so that to assist in bringing it to zero

and to build it up in the reverse direction, each coil must
still be subjected to this opposing e.m.f. after reaching the

brush. The interpoles, then, must be of the same sign as

the poles behind them, or the reverse of that which obtains

in a generator.

These relations are shown in Fig. 11, (a) representing
the conditions for a generator, and (6) those for a similar

motor.

0000O

Fig. 11.

The direction of the armature currents is shown, those

in" (6) being in opposition to the induced e.m.f.

In the conductors under the interpoles the direction
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of the current on arriving at the point of reversal is shown,

.while the crosses and dots in the airgap indicate the

direction of the reversing e.m.f. induced by the interpole
flux.

In a machine which is required to run either an c.c.

generator or motor at different times, the interpoles change
their signs according to the way the machine is operating,
as their exciting coils are connected in series with the

armature circuit.

This applies to the rotary converter, which may be
used for conversion from a.c. to c.c. or the reverse, and

may therefore be considered as generator or motor accord-

ing to circumstances.

The reader is advised to try all these relationships over

by the right- and left-hand rules, in order to get a thorough
grasp of the matter.

Armature Reaction. It will also be seen from Fig. 11

that, as compared with a generator, the armature cross flux
in a motor will be in the opposite direction relative to the
field poles, strengthening the flux at the leading edges and

weakening it at the trailing edges. The main flux Is

therefore distorted in the opposite direction to thut of

rotation.

Field Excitation. Motors intended for use solely aa
such may have their field excitation either shunt, series, or

compounded, this depending on the service for which they
are designed.

Compounded machines intended to run as either motor
or generator, should have arrangements to enable the
series winding to be reversed or cut out when motoring,
to prevent weakening of the field by the reversed current
in the armature circuit.

Starting. When a motor is running, the difference
between the back e.m.f. and the impressed pressure in
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quite small, being just enough, to produce the current

required for the load, through the low resistance of the

armature winding.
With the armature stationary there is, of course, no-

back e.m.f., so that it ia impracticable to apply the full

pressure for starting on account of the heavy current

which would be produced before the machine could get up>

sufficient speed to generate a back e.m.f. of the required
value.

It is necessary, therefore, to use a special starting device,

the object of which is to restrict the current in the motor
circuit until the back e.m.f. has built up sufficiently to

perform this duty.
This is done by means of suitable resistances, the whole

of which are put in series with the armature at first, being
afterwards cut out step by step as the speed rises. At
each step the current momentarily increases, so speeding

up the motor until, the back e.m.f. having attained a

higher value, the current falls to a minimum figure, when
the next step may be cut out.

When full speed has been reached the whole o the

resistance is cut out of circuit and the back e.m.f. then

automatically controls the current in the machine, as

explained earlier.

It is most important that the pressure should not be.

applied to the machine, unions all the resistance is in circuit,

uiid that, the stops should not be cut out too rapidly before,

the back e.m.f. has had time to rise to compensate for

the reduced resistance.

Motor starters are usually equipped with various safety
devices to ensure that essential requirements are complied
with.



CHAPTER IV

THE ALTERNATING CURRENT GENERATOR AND MOTOR

Alternating Pressure. An alternating pressure is one

which, is continually varying from a maximum in one

direction to a maximum in the other. Such a pressure

is required on the a.c. side of the rotary converter, and

is obtained from the same lap-connected winding as

produces the continuous pressure at the commutator.

The complete series of changes, known as the cycle, is

assumed to start from zero ;
the pressure going to maximum

in one direction, back to zero, then to maximum in the

other direction, and back to zero once more.

In the single-phase machine, such as we are considering

at present, two connections are made to the winding at a

distance of one pole pitch apart, and these are brought out

to two sliprings mounted on, and insulated from the shaft.

Stationary brushes pressing on the rings provide a sliding

connection between the rotating winding and the stationary

terminals of the machine, and so to the external circuit.

One cycle is completed while the tappings move through
-the distance of two pole pitches, so that in one revolution

of the armature the number of cycles gone through will be

equal to the number of pairs of poles in the field. The

number of cycles gone through in one second is known as the

frequency or periodicity, and is equal to the number of

pairs of poles multiplied by the number of revolutions

per second.

42
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Electrical Degrees. For mathematical treatment the

cycle is considered as being divided into SCO degrees,

similarly to a circle, the points of zero pressure being at 0,

180 and 360 degrees, the latter corresponding to degrees
for the next cycle. Points of maximum pressure are

midway between the zero points, or at 90 and 270 degrees.
When the field is of only two poles, the pressure between

tappings will go through one cycle for each revolution

of the armature, and the progress of the cycle in electrical

degrees will equal the progress of the armature in

geometrical degrees.

With multipolar fields, however, there will be a greater
number of electrical degrees per revolution than of geo-
metrical degrees, the latter always numbering SCO, while

the former will be equal to the number oC pairs of polos

multiplied by SCO.

Stated simply, one pair of poles corresponds to one.

cycle or 3GO degrees, the pressure between tappings going

through one cycle while the conductors between them are,

passing through two pole pitches, so that the distance of

one pole pitch, with which the reader is already familiar,

equals 180 electrical degrees.

Excepting where specified otherwise, the degrees
mentioned throughout the remainder of tliis book will be

electrical degrees, equalling 300 per pair of poles, or per

cycle-

Alternating Pressure from the Lap Winding. The
maximum pressure obtainable from the lap winding iw seen

to be. that existing between two neutral points situated

ono pole pitch apart ; this, therefore-, will be the maximum
value of the alternating pressure. Two tappings made to

the winding at this distance apart will have the full pressure,

between them when they are at the neutral points, while

midway be.tween the, neutral positions the pressure, will be.
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at the point of reversal or zero. Considering the stationary

groups of e.m.fs. induced in the winding when it is

revolving, the tappings may be looked on as spanning each

of these in turn, and as successive groups are in opposite

directions, the pressure between the tappings will alternate

also.

In a multipolar machine tappings are made at intervals

of one pole pitch apart round the winding. Those situated

an even number of pole pitches apart have no difference

of pressure between them, and are therefore connected

together, so forming two groups, each of which is taken

to a separate slipring.

In Kg. 12 is shown part of the armature winding and

field magnet system of a multipolar machine, corresponding
to that represented in Fig. 5. As the tappings rotate with

the winding, a series of diagrams might be given showing
them in successive positions. These diagrams, however,

would be identical except for the positions of the tappings,

the signs of the field poles and the directions of e.m.fs,

induced being the same in all, therefore one only will serve.

The successive positions of the tappings are shown at the

top, or back end connections, the first position being shown

directly on the winding, and the succeeding ones projected

above it to prevent confusion. By this means the relative

situations of the tappings at different parts of the cycle

may be readily seen.

Commencing with the position marked degrees, by
tracing out the winding it will be found that of the twelve

conductors between a and & there are five having e.m.fs.

in each direction, and two in the neutral zones of the field.

The pressure between tappings a and b will therefore

be zero.

In the next position 90 degrees later, there will be ten

conductors all having their e.m.fs. in the same direction,
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from a to 6 in the winding. The pressure between the

tappings will therefore be a maximum, and will be from

b to a in the external circuit, as shown by the arrow-heads

on the broken line between the tappings.

Proceeding on these lines the complete cycle may bo

followed, the position at 180 degrees giving zero pressure ;

270 degrees maximum in the opposite direction to that

at 90 degrees, and 360 degrees zero once more, the section

of the winding being now in the same position relative to

the field as it was at degrees, but under the next pair of

poles. Further movement will then repeat the cycle, and

so on for each pair of poles in the field.

By taking a third tapping act situated 180 degrees ahead

of b it may be seen that the pressure between b and aa will

be 180 degrees ahead of that between a and b. That is,

at any instant, that section of the winding between b and

aa will occupy a position in the field which will be reached

by that between a and b 180 degrees later. The two

pressures being displaced by 180 degrees, or half a cycle,

will therefore be in opposition at all times. In the position
shown for degrees in Fig. 12, both will be zero

;
at 90

degrees they will be from a and aa to b, while at 270 degrees

they will be from 6 to a and aa, having reversed at the

zero position, 180 degrees.

Sections of the winding between further tappings made
at 180 degree intervals will have their pressures correspond-

ing in value and direction with those already considered,

being spaced at intervals of 360 degrees from one or other

of the first two, and therefore situated similarly with respect
to the field. This can be seen from Fig. 13, in which in

shown the progress of the tappings of a four-pole winding,
taken at intervals of 90 degrees during one cycle.

Observing the directions of the e.m.fs. induced in the

conductors, as indicated by the arrow-heads on the circle,
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the position at degrees gives zero pressure between the

tappings. A small movement of the armature results in

the tappings being advanced with respect to the distribu-

tion of the e.m.fs. in the winding. There will then be

between the tappings more conductors having e.m.fs.

in one direction than in the other. The effective pressure
will therefore be equal to the difference between these

two opposing groups of e.m.fs.

270

Fig. 13.

AH the rotation of the armature continues, the

inequality of the opposing e.m.fs. between the tappings

increases, and the effective pressure becomes greater until

the position shown in Fig. 13 for 90 degrees is reached,

when all the e.m.fs. are in the same direction and maximum

pressure exists between the tappings. With further

rotation the arc of the circle between tappings begins to

include a part governed by an opposing arrow, indicating

the introduction of opposing e.m.fs. The effective pressure-

therefore falls until zero is reached once more.
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Diagram of Pressure Wave. A diagram can be imulo

which mil show the value and direction of the presume ut

part of the cycle.

In Fig. 14 the horizontal line represents time, and on

it any convenient length can be marked off to represent

the duration of one cycle. The beginning and end of tho

distance thus marked ofE will be points of zero pressure,

while midway, at the end of the half-cycle, will bo another

..zero point. The instants of maximum pressure will b

midway between the zero points, and considering tho

horizontal line to be also the line of zero pressure, the two

maxima will be, one above and the other below the zero

line.

90' /iSot Z70" /Seo" 90 180

Fig. 14.

With a uniform distribution of the field flux, equal
movements of the winding in equal times will bring about

equal changes in the pressure between tapping, HO that the

pressure will rise and fall at a uniform rate between zero

.and maximum. This is represented by the zigzag lino in

Fig. 14, the height of the maxima being marked off to

suitable scale of volts, the intermediate heightH corre-

sponding to the pressure at any particular part of tho cycle,
while the reversal of direction LS shown by tho presmiroH in

successive half-cycles being measured alternately abovo
.and below the zero line.
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As the cycle. progresses uniformly with the increase of

time, the, base line may be marked in degrees instead of iu

fractions of a second, the diagram then giving a direct

indication, at any point in the cycle, of the, movement of

the tappings from the position of zero pressure..

From Kg. 1't it wilt readily bo seen that, two equal

pressures displaced by 1HO degrees would bo tit all times

equal in value, and opposite, in direction to <ioh other, by

drawing a second pressure line, or wave, having its corre-

sponding points displaced by half a cycle from those of the

first.

Sine Wave Of Pressure. Much a wavn of pressure

variation as is shown in Kig. M is not by any means of a

desirable shape. Kor a variety of technical reasons there

is one particular "wave form," as it. in called, which is

most, suitable. This is known ;is a
"
sine wave," and has

the form shown in Fig. Ifi, in which a certain relation CXIH|H

between the instantaneous value of the pressure at any

piirl
of the cycle, ihe maximum pressure, and the distance

in degrees from the commencement of the cycle. These

tire related by what is known as a sine, law, so that the ratio

of the instantaneous value, to the maximum is equal to the

10
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sine of the angle of the same number of degrees as that ut

which the instantaneous pressure is taken.

Thus, when the pressure has advanced 30 degrees from

zero, its value is 0'5 of the masdmum, 0'5 being the aims of

an angle of 30 degrees. At 45 degrees the value in 0*707

and at 60 degrees 0*866, these being the sinew of the.

respective angles.

Comparing the wave of Kg. 14 with that in Fig. 15, it

will be noticed that whereas in the former the height of the.

wave changes at an equal rate at any part of tho cycle, in

the latter the change of height is unequal at difforont partu

for equal distances on the base line.

In particular it will be observed that the rate of change,

as shown by the slope of the curve, is greatest about the

zero point in Fig. 15, and least about the maximum, where,

in fact, the curve is momentarily horizontal.

Now, in Fig. 14 it was assumed that the o.m.f. induced

in the conductors was the same in any part of the, iiold ;

that is, the rate of cutting the flux by tho conductors was

uniform over the whole of the field. To obtain a sine. wave.
'

of pressure, however, it is necessary to arrange, that the

e.m.f. induced shall vary with the position of tho conductor

in the field. This is done by shaping the, pole faces so

that the airgap is wider under the leading and trailing

edges than under the centre of tho polo, tho faces being

formed to a larger radius than that from tho centre of the

face to the centre of the armature shaft. Tho result is that

the flux is denser towards the middle of the pole. Face owing
to the lower magnetic reluctance of the narrower airgap,

and by proportioning the airgap suitably any desired wave

form may be obtained.

"When the armature conductors immediately connected

to the tappings are in the neutral zones of tho iiold and tho

pressure between the tappings is at maximum, further
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movement introduces opposing e.m.fs. and so reduces the

effective pressure, as explained earlier. With the modified

airgaps just referred to, the opposing e.m.fs. are com-

paratively small, being considerably below the average
for the whole group, as the conductors in which they are

induced are in the weakest part of the field. The result

is that the crest of the wave loses its pointed form, its now
flattened shape showing the much more gradual change of

pressure about the maximum of the wave. On the other

hand, when the pressure between tappings is zero, the

e.m.fs. in the two halves of the group of conductors being

equal and opposite, further rotation adds to one direction

e.m.fs. induced in conductors in the strongest part of the

field, and thus having more than the average value. The
rate of change of the pressure is therefore increased about

the zero of the wave, as is shown by its steeper slope in thin

region.

Virtual, or R.M.S. Values. Pressures and currents

are measured by the effects which they produce under

certain conditions.

In a given circuit the power expended is at every instant

proportional to the square of the pressure applied, or con-

versely, the pressure is proportional to the square root of

the power. With a continuous pressure the power remains

constant while the circuit conditions are unchanged, and the.

average power in equal to the maximum.
With an alternating pressure, however, the power is

continually varying between zero and maximum, HO that

the average value is less than the maximum. What is

required, then, for an alternating pressure, in u nominal

value which shall be equal to a continuous pressure pro-

ducing the name power, and this nominal value will, of

course, be less than the maximum.
The average power is equal to the average, or mean, of
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the squares of the instantaneous values of the pressure,
taken at successive instants throughout one half-cycle.
The equivalent continuous pressure is proportional to tin-

square root of the average power, so that the nominal value

of the alternating pressure will be equal to tho square root

of the mean of the squares of the instantaneous values of

the pressure throughout one half-cycle.

The same line of reasoning may be applied to the

current, as in a circuit of given resistance the power is a I

any instant proportional to the square of the current. Tin-

nominal value of an alternating current, therefore, will be

equal to the square root of the mean of the. squares of the

instantaneous values, taken throughout one half-cyclic.
This nominal value is called the "virtual

"
or

"
root-

mean-square
"

(K.M.S.) value, and for a sine wave is e<jual
to 0-707 of the maximum value

; conversely, the maximum
value is T41 times the virtual value.

Voltmeters and ammeters used in a.c. practice indicate
the virtual values of pressure and current respectively, iind
as in all ordinary work the assumption is ninth- of a Him-
wave form, the readings of these instruments must. !

multiplied by 1-41 to obtain the maximum values.

Subject to such modification as is explained Inter in this

chapter when dealing with power factor, the product of
tiie virtual values of the pressure in volts and the current
in amperes will equal the power in the. circuit in watts, as
in. c.c. practice.

Armature Reactions. The armature reactions pro-
duced by an alternating current in the. lap winding with

tappings at 180 degrees, are somewhat din'eivnt to those
from the same winding when supplying a lond at con-
tinuous pressure. In the latter case the distribution of
current in the winding is identical with the <un,fs.

induced, and produces stationary fluxes midway between
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the field poles. In tlie alternator, however, the condi-

tions are different, arising out of the fact that the points

where the current is entering or leaving the winding (the

tappings) are rotating with the winding.
When the tappings are midway between the field poles,

the current, then at maximum, has the same distribution

as in the continuous pressure machine, and the effect on

the field is the same, a distortion in a forward direction.

As the tappings move forward from this position, the centre

lines of the armature flux, which coincide with the tappings,
move forward also, and the current decreasing at the same

time, the distortion becomes less until, when the tappings
are under the centre of the poles, the current is zero and the

field flux therefore undisturbed.

As the tappings move forward from this zero position

fluxes arise of opposite sign to those of the field poles, and

as the centre lines of armature flux and field flux do not

now coincide, the latter is distorted in the direction of

rotation once more, the distortion increasing until the

tappings are midway between the poles, when the armature

current is at maximum and the distortion therefore greatest.

The total result is that the field distortion is inter-

mittent, the flux swinging forward and back to normal for

each pulsation of the armature current, or twice in each

cycle.

Load Torque. As the power output varies between

zero and maximum during each half-cycle, the load torque
on the machine will pulsate likewise, twice in each cycle.

Fleming's right- and left-hand rules show that, when the

current in an active conductor is in the same direction us

the induced e.m.f. it produces a force opposing the motion

of the conductor, or a load torque. When the, current is

in the opposite direction to the. induced e.m.f. the resulting

force is in the direction of motion, or a motoring torque.
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Now the current in any section of the -winding tinder

consideration -win. flow in accordance with the total, or

effective, pressure between the tappings.
"When the pressure is at maximum all the induced

e.m.fs. are in the same direction as the current and the

torque is wholly a load torque. At any other instant

between maYJTrmm and zero there are certain conductors

the e.m.fs. in which are in opposition to the effective

pressure between tappings, and consequently in opposition
to the current. These conductors will therefore be acted

on by a motoring torque in opposition to the load torque
on the other conductors. The load torque will always be

JL */

the greater of the two, however, as the current is always
in the direction of the induced e.m.fs. in the larger number
of conductors, and the effective torque on the armature at

any instant will be equal to the difference between the two

opposing torques, and will be a load torque.
The value of the effective torque at any instant is pro-

portional to the power at that instant, and as the latter is

equal to the product of the instantaneous value of the volts

and amperes, a curve may be constructed which will show
the variations of the power or the torque. This curve is

shown in Fig. 16, and is a sine curve of twice the fre-

quency of the curves from which it is derived. As the

pressure and current are both in the same direction at any
instant, they will always be positive with respect to each
other. Their products, therefore, will always lie on the
same side of the base line of the power curve, showing that
the power, although it falls to zero twice in each cycle,
never reverses.

The average height of the power curve over one cycle
is equal to one-half its maximum height.

Effect of Phase Displacement. So far it has been
assumed that the current in the winding has been in phase
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with the effective pressure. That is, the two have gone

through the cycle of changes together, passing through
zero and maximum at the same instants as each other.

In practice, however, it often occurs that the pressure
and current are not in phase, there being a displacement in

Fig. 10.

time between their passage through corresponding parts
of their respective cycles.

At first sight it may appear somewhat strange that the

current does not vary directly with the pressure in the

machine.

Some of these displacements may, however, bo traced
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to the presence, somewhere in the system connected to the
machine, of other sources of alternating pressure which are
out of phase with that generated by the machine undexr

consideration.

In titiese circumstances the effective pressure acting in
the system is not solely that due to our generator, but the
result of the combination of this and the pressure from the
other source or sources referred to.

The current then flows in accordance with this resultant,

as it is called, and may therefore be displaced in phase
from the pressure in the .generator, this depending on tho

phase relationship between the latter and the resultant.

The foregoing applies to those cases where the current

is displaced behind the pressure, and also to some of tho
<5ases where the current precedes the pressure.

In other instances of the latter displacement this is

the result of a phenomenon which is to be observed in a
circuit when subjected to an alternating pressure, while

the condition may even arise when the circuit is incomplete,
that is when no current would be produced by a continuous

pressure.

Consideration of the causes of two alternating pressures
or currents in the same circuit, and the resultant arising

therefrom, will be deferred to a later section, our object

being now to deal with the effects of a phase displacement
between current and pressure on the operation of tho
machine.

In the first place, the amount of displacement may bo
measured either in time or degrees, as the progress of tbe

cycle is uniform with that of time
;

it is the invariable

practice to use degrees.

When the current precedes the pressure it is said to bo
"leading," while a displacement in the other direction is

known as
"
lagging."
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Thus if the current is lagging by 30 degrees, when the

pressure has reached maximum in. a given direction the

current 'will only be at 60 degrees from zero in the same

direction, and so on throughout the cycle.

In drawing the sine curves showing pressure and current

in phase the same scale of degrees serves for both, as both

begin the cycle at the same instant.

When there is a displacement between them, however,
a different starting point must be used for each curve, the

two points being separated by the correct distance corre-

sponding to the number of degrees displacement.
For example, with a current lag of 30 degrees, the

commencement of the pressure cycle would occur on the

zero line a distance equal to one-twelfth part of a cycle,

or 30 degrees before the beginning of the current, cycle, as

in Fig. 17.

The current curve as a whole is displaced to the right

from the pressure curve, showing the later occurrence

of its series of changes as compared with those of the

pressure.

As the maximum current no longer coincides with the

maximum pressure the maximum torque will not be as great
as wheu these two occur at the same instant.

Furthermore, the torque will be at zero four times in

each cycle, while at certain times the pressure, and cur-

rent will be in opposite directions, producing a motoring

torque.

When the pressure is zero the current has half its

maximum value, but as at this instant the armature

tappings are equidistant on either side of the neutral

points of the winding the conductors between them aiv,

divided into two equal groups in fluxes of different sign and

therefore producing opposing torques ; consequently tho

effective torque is zero.
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Again, when -the current is zero there is, of course,
IlX>

torque although the pressure is at half maximum valu<?

The torque curve during one cycle, then, consists

two periods of load torque each followed by a short inter

of motoring torque, the torque passing through zero at tlio
four points of reversal.

Multiplying together the instantaneous values of tho
two curves in Fig. 17, as before, the torque curve is as shown,
in the figure.

Where the two curves are on either side of the zoro
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line one is negative to the other, so that their product will

be negative ;
this causes the torque curve to lie, at those

parts, below its zero line, showing the reversal of torque.
As compared with Fig. 16, it will be seen that the-

average load torque over one cycle will be less, partly owing
to the smaller maximum and partly to the periods of

motoring torque, so that the power required to drive the

generator will be less when the current is out of phase.
Under these conditions the machine will be generating

during parts of the cycle and motoring during other parts,

delivering power to and receiving power from the rest of

the system to correspond.
The effective output will be equal to the difference

between the output and the input, and will therefore be

less for a given pressure and current the greater the phase

displacement between these two.

When the current is displaced by 90 degrees, as in Fig.

18, the torque curve will be symmetrical about the zero-

line, the load and motoring maxima having equal values.

The average torque on the armature will then be zero,

the machine generating and motoring alternately during
.successive quarter cycles.

At the instant of maximum current the conductors will

bo equally divided between fluxes producing opposite

effects and the pressure will therefore be zero, while when

the conductors are all in fluxes producing cumulative,

effects und the pressure a maximum the current is zero,

both conditions producing zero torque.

With leading current the. effect is the. same as with

lagging, a reduction of the, effective output, for a given

value of the current.

Power Factor. In order to find the. actual power given

out by an alternator it is not sufficient merely to multiply

together the values of the volts and amperes us with
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continuous current. Doing this gives what is known as the

apparent power, and a correcting factor must be applied

to allow for any phase displacement between current and

pressure, before the actual power can be known.

Kg. 18.

This is the Power Factor, and is the ratio between the

actual power and the apparent power.

"When current and pressure are in phase, the actual

power equals the apparent power and the power factor

is I'O or unity.

With lagging or leading current the power factor becomes
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less as the displacement increases, until when the latter

equals 90 degrees the power factor is zero and the actual

power nil.

It will be clear that for a given pressure and current the

power is greatest when these are in phase, while conversely,
for a given power the current will have the smallest value

when it is in phase with the pressure, any displacement

requiring an increase of current to maintain the same
effective power output.

Instruments are in use for indicating the power factor

directly on a scale graduated from to TO, and by multi-

plying together the readings of the voltmeter, ammeter, and

power factor indicator, the actual power is found.

Indicating watt-meters are sometimes used to give the

value of the actual power by direct reading ; the power
factor will then be equal to the actual watts divided by the.

product of volts and amperes.
In order to distinguish between real and apparent power

the former is reckoned in watts and the latter in volt-

amperes, the kilo-watt (kW) and kilo-volt-ampere (kVA)

being derived from these.

The importance of the power factor will be evident when
it is remembered that from the electrical point of view the.

loading of alternaters, cables, or other apparatus is limited

by the current which they will carry without overheating.
The nearer the power factor is to unity, then, the. larger

is the amount of power which such apparatus can deal with,

and the greater the efficiency with which they may bo

utilised.

The expression
"
wattless current

"
is one which in.

often loosely used in connection with the subject of power
factor, and may mislead the non-mathematical reader.

This is an abbreviation of
"
wattless component of.

current," and arisen from a practice employed in certain
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calculations of considering a current, when out of phase
with the pressure, to be made up of two separate com-

ponents, tiie calculations being facilitated thereby.

One of these components is assumed as being in phase
with the pressure, and is known as the power component ;

the other, displaced by 90 degrees from the pressure, is the

wattless, or idle component.
The power component is equal to the actual current

multiplied by the power factor, so that the product of the

]power component and the pressure equals the watts real

power in the circuit.

The wattless component, displaced by 90 degrees, has

no power associated with it, and if multiplied by the

pressure, the product is known as the wattless volt-amperes.

It is particularly to be observed that although the actual

current is larger than either of these assumed components,

yet it is less than the sum of the two when these are added

-directly.

Mathematically, the power factor is equal to the cosine

of the angle of current displacement, while the wattless

component is equal to the product of the current and the

sine of the same angle.

Reversal of Power and Torque. Returning to the

torque or power curves in Pigs. 16, 17, and 18, when the

current and the pressure are in phase this curve lies wholly
on one side of the zero line, while a displacement of the

current causes a part of the curve to appear on the other

aide, the amount increasing with the angle of displacement
until 90 degrees is reached, when the curve is equally dis-

posed on either side of the zero line.

If the current is displaced by more than 90 degrees the

result is a reversal of the effective power from its former

direction, the curve now lying more on the motoring side

of the zero line, until when the current is 180 degrees out
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of phase, or in opposition to the pressure, the torque is

wholly a motoring one.

The force on the armature conductors, instead of

opposing the rotation, now assists it by acting in a forward

direction, the machine taking power from the external

system and running as a motor.

It will, of course, be understood that only when another

alternator is connected to the system can this state of

matters be brought about, the interaction of the pressures
from the two sources causing the current to be displaced
more than 90 degrees from that generated by the machine

under consideration, this not being otherwise possible.

The way in which this is done will be dealt with more

fully later on, it being desired now to call attention to the

following relations between the current, pressure, and power
or torque in an alternator.

When current and pressure are in the same direction

(no phase displacement) the power is a maximum, generated
or output.

When maximum of one corresponds with any value of the.

other less than maximum but in the same direction (lag

or lead less than 90 degrees), the power is smaller for the

same current.

When maximum of one coincides with zero of the other

(90 degrees lag or lead) the power is zero.

When maximum of one corresponds with any value, of

the other, less than maximum and in the opposite direction

(lag or lend more than 90 degrees), the power in input, und

the torque motoring.
When maximum of each occurs at the same instant,

but in opposite, directions (180 degrees or maximum <lin-

plucemeut), the input of power and motoring torque, is n

maximum for a given current.

Armature Reactions of A.C. Motor. As with the. c,e,
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machine, so in tho alternator tho poles of the armature

flux change their sign with the; reversal of the torque from

generating to motoring.

Tho armature current being in the reverso direction to

the elective pressure between, tappings, tho armature

poles are of the same sign as tin: field poles behind them
;

the iimin flux is therefore distorted in the opposite
direction to that of rotation.

Effect of Lag or Lead on Armature Reaction. The
co-ntro lines of the armature flux correspond with the posi-

tion of the tappings to the winding, as these are tho points
on either side of which the current is in opposite direr lions

in tho conductors.

Tho position of maximum pressure is when the tappings
are midway between the field poles, and when the current

maximum occurs at the same instant tin? armature cross

flux, of tho same sign as the next poles ahead, distorts the

main flux in the direction of rotation.

When tho current is lagging, it readies maximum after

the armature has passed the position of maximum pressure,
so that the poles of tin* armature llux are no longer equi-
distant between the field polos ; they will be nearer the

next poles ahead.

As a result tho distortion is unequal, the weakening of

one pole tip exceeding tho strengthening of tho. other, 1 In-

flux being reduced as well as distorted.

The greater the angle of lag the. further on will the

armature have moved before current maximum oeeurs,

and the more unequal the distortion, that is, the greater
will be the reduction of the total Hux.

At 90 degrees lag the centre lines of armature polos ami
field poles will coincide at maximum current and the

weakening of the field will 'bo greatest.

With a loading current the field flux will bo increased,
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as the armature current and flux will reach maximum
before the armature reaches the position of maximum

pressure, the centre lines of the armature fluxes then being

nearer to the field poles behind.

When the machine is operating as a motor the conditions

are reversed, the armature fluxes being of opposite sign to

the field poles ahead of them.

Lagging current will strengthen the field by bringing

armature and field poles of unlike sign more nearly in line,

while conversely leading current, by causing poles of like

sign to approach each other, has the effect of weakening
the field.

To summarise the whole of these reactions.
1

In a generator the field flux is distorted in the direction

of rotation, while in a motor the distortion is in the opposite

direction.

Lagging current weakens the field of a generator and

strengthens that of a motor.

Leading current strengthens the field of a generator and

weakens that of a motor.

All these effects are periodic, with a frequency twice

that of the armature current, as they increase and decrease

with the rise and fall of the current in each half-cycle.



CHAPTER V

VECTOR DIAGRAMS, INDUOTANOS, AND OAPAOITANCK

Resultant of Two Sine Curves. To arrive at the resultant

of two alternating pressures we may proceed by drawing the

sine curves. of each, with, the proper phase displacement
between them.'

*

At any instant the resultant pressure will be equal to

the sum of the two if in the same direction, or their difference

if they are in opposite directions, in the latter case the

resultant being in the direction of the greater of the two.

By measuring the distances of the two curves from the

zero line at successive instants and adding or subtracting
them according to their relative directions, a third curve

may be constructed with the values thus obtained, which
will be the sine curve of the resultant and will have a phase
displacement from one or both of the others.

If the two pressures are exactly equal and have a dis-

placement of 180 degrees they will balance each other ab

every instant and the resultant will be zero.

Two unequal pressures in opposition thus will luive u

resultant with a maximum value equal to the difference

between the two fundamental maxima, this resultant being
in phase with the greater of the two and in opposition to tliii

smaller.

In Kg. 19 the heavy line shows the resultant of two

equal pressures displaced by 38 degrees from phase
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opposition, the maximum of Ej occurring 38 degrees later

than that of E2 in the opposite direction.

Maxima of each in the same direction occur at intervals

of 218 degrees and 142 degrees alternately,Ej lagging behind

E2 by the former angle and leading E2 by the latter angle.

The resultant is equally displaced from both the funda-

mentals Ej and E2 , owing to their being of equal magnitude.
Were they unequal the resultant would be more nearly

in phase with the larger of the two, this having the greater
effect in the circuit.

Kg. 19.

This method of dealing with alternating quantities is

somewhat laborious, besides giving a result which does not

present such a clear picture of the relations]dps involved

as can be obtained by other means. It 1ms been given,

however, as a preliminary to the introduction of the vector

diagram, which is used for the same purpose.

The Vector Diagram. It is not proposed to go into

the theory of the vector diagram, but to say sufficient about

it to enable the reader to have some idea of the propriety of

its application to the subject before him.

A vector may be considered as a straight line which is
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rotating in an anti-clockwise direction about a point,

.known as the
"
point of origin," at one of its ends. The

motion is similar to that of one spoke of a wheel, the free

end describing a oircle, as in Fig. 20.

If the length of the vector represents to some scale the

maximum value of an alternating pressure which varies

.according to a sine law, the vertical distance of its end

.above or below the zero line horizontally through the point

of origin, will be equal bn the same scale to the instantaneous

value of the pressure at that point in the cycle, measured

:in degrees of rotation from the position 0, which corre-

Kg. 20.

spends to the commencement of the cycle. The ratio

of these vertical distances to the length of the vector is,

in fact, -the sine of the angle through which the vector has

moved from 0, which suggests at once the derivation

of the sine curve, as stated on its first introduction in

Chapter IV., and shown in Figs. 15 and 20.

Two pressures of similar frequency may be represented

"by two vectors rotating about a common origin, and making
an angle with each other equal to their displacement in

degrees, as \ and E2 in Fig. 21. The phase angle is the

same as between the two pressures in Fig. 19, Ex leading
IB2 by 142 degrees.
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The passage of each of these through the zero and.

maximum positions will, of course, be separated by the angle

between them, while at any instant the vertical distances,

of the ends of the vectors from the zero line will correspond
to the instantaneous values of the two pressures, each being-

at a different part of its own cycle.

The resultant "of Ej and E2 is found by drawing a line

from the free end of one of them, parallel to the other

and of equal length, then joining the end of this third line,

to the common point of Ej and E2 .

Fig. 21.

This last line, marked Er in Fig. 21, will equal in length
the maximum value of the resultant, to the same scale as

the fundamentals, while its displacement from either of them

will be equal to tlic angle it makes with them.

To the right of Fig. 21 are reproduced the curves from

Fig. 19, the particular instant shown in the vector diagram

corresponding to the vertical broken line through the

curves : E2 is at 90 degrees or maximum, E L
at 232 degrees

rising towards maximum in the opposite direction, and Er

at 101 degrees falling towards zero.

Any other instant would be shown by the vectors having
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rotated through the necessary angle, while still retaining

the same relationship to each other.

If in Fig. 21 one of the pressures, say E1} was greater

than the other, it can easily be seen that the resultant would

be advanced in phase so as to lag behind Ej by a smaller

angle, the lead from E2 being correspondingly increased.

Reducing the angle between the two fundamental

pressures has the effect of increasing the resultant until,

when the former are in phase incidence that is, have no

displacement between them the resultant is equal to the

sum of the two.

Increasing the angle between them has the opposite

effect, the resultant diminishing until they are in phase

opposition, when it equals the difference between them.

It will be appreciated by the reader that these relation-

ships can be more easily worked out, and the result more

readily presented to the eye by means of vectors than by
working from the sine curves, and therefore he should

familiarise himself with the use of these diagrams, which,

after all, to the degree in which they are used here, are very

easily understood.

As the lengths of the vectors correspond to the maximum
values of the pressures, by concerning ourselves with these

only, instead of the instantaneous values at different parts
of the cycle, we may dispense with the zero line, and tho

diagram may be drawn in any position, so long as the

correct scale lengths are applied to the vectors and the proper

angle maintained between them.

Further, the diagram may be used to represent virtual

values by reason of the fact that these bear a definite ratio

to the maximum values, so that if the same scale is used the

vectors will all be proportionally shorter, and their relative

values and phase angles unchanged.
To be strictly correct, the expression

"
vector diagram

"



VJEOTOR DIAGRAMS

has no meaning when applied to a diagram of virtual values,

as these do not vary according to a sine law
; on this account

they are often called clock diagrams, although both terms

are in common use.

Alternating currents may also be dealt with by vectors

in the same manner as pressures, while vectors representing

both of these may be used in one diagram where it is desired

to observe the relationships existing between them, each

being drawn to its own scale of amperes and volts

respectively.

One or two further examples will be given illustrating

points already dealt with in considering the effect of current

displacement.

In Fig. 22 (a) a current, I, lags behind the pressure E.

If I is projected perpen-

dicularly on to E the ^

length Ip is equal to the

power component of I
;

it

is equal to I multiplied by
the power factor, and re- *

presents the value which

the current would have

for the same actual power
if the power factor were

unity.

A similar projection of

1 on to a line at right

angles to E gives the

length Im equal to the

wattless component, and Kg- 22.

this represents the current

which, if displaced by 90 degrees from the pressure, would

produce a similar demagnetising efiect on the field of

the alternator as is produced by the current I.
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For this reason it is sometimes called the demagnetising

component if lagging, or magnetising if leading.

As a current which is in phase with, the pressure has no

idle component, so one displaced by 90 degrees has no

power component, the projection of the current vector on to

the pressure vector giving zero.

If the current is displaced by more than 90 degrees, its

power component falls on to the reversed projection of the

pressure vector as in Fig. 22 (6), showing that the power is

input to the source of the pressure E.

As already pointed out, this condition cannot arise

unless there is more than one generator in the system.
In dealing with more than two alternating pressures or

currents by means of vectors, first combine two of them anil

find their resultant. Then combine this resultant with the

third vector, this second resultant with the fourth vector

and so on. The final resultant, when all the vectors have

been included, is the resultant of them all. In practice

this simplifies into drawing the various vectors end to

end, the second from the end of the first, the third

from the end of the second, and so on, with the necessary

angle between the direction of each vector and its suc-

cessor. The resultant of the whole, then, is a line drawn,

from the free end of the last vector to the point of origin,

as in Fig. 23.

When the result is to form a closed polygon, the end of

the last vector arriving at the point of origin, the resultant

is zero, the various pressures or currents exactly balancing
each other in the circuit. A case of this kind occurs in the

lap-connected armature winding, where each conductor,

considered separately, has induced in it an alternating
e.m.f. The phase angle between successive conductors

is equal to 360 divided by the number of conductors per

pair of poles, and the e.m.fs. being equal, the diagram forms
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a regular polygon having as many sides as there are con-

ductors per pair of poles.

The pressure between any two tappings to the winding
is then found by drawing a line between two angles of the

polygon the requisite distance apart. The length of this

line, to the same scale as the vectors, is the resultant of

the e.m.fs. in the conductors between the two tappings.

6-*!

rig. 23.

Now in a regular polygon, all its angles will lie on the

same circle, so that we may simply draw a circle with a

diameter representing, to a scale, the pressure between

points 180 degrees apart in the winding. Then the pressure

between any pair of tappings to the winding will be repre-

sented by a line joining two points on the circle the corre-

sponding number of degrees apart.
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INDUCTANCE

It lias been stated when the current lags behind the

pressure in a generator this may be traced to the existence

of other sources of alternating pressure in the circuit.

That this is so even when there is no other alternator,

will appear from the following considerations.

In earlier chapters we have considered an e.m.f. as

being induced when a conductor cuts a magnetic flux, but

this is true only when the cutting is done in such a manner
as to vary the total flux linked with the conductor.

Taking one turn of -the lap winding which we have been

studying, it will be seen that the flux through it varies in

value from a maximum of one sign to a maximimi of the

other sign. When the coil is linked with a flux of all one

sign the e.m.f. induced is zeio, the conductors then being
in the neutral zones, while when the flux through the coil

is half of each sign, the conductors being under the middle

of the pole faces, the rate of change of the flux is greatest
and the e.m.f. induced is a maximum.

It is equally true, therefore, to say that when the flux

linked with a conductor changes in value there is au e.m.f.

induced in the conductor, the value of this depending on
the rate of change of the flux.

Now, we have seen that a conductor carrying a current

is surrounded by a magnetic flux, the density of which
varies with the current.

This flux will be steady while the current remains steady,
but if the current varies, the flux linked with the conductor

will vary also, and in so doing will induce an e.m.f. therein.

This is known as the e.m.f. of self-induction, or reactive

e.m.f., and its direction will be such as to oppose the

variation of the current, an increase of current causing
an opposing e.m.f. and a decrease an assisting e.m.f.
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Tliis e.m.f. will only be present during the actual time
that the current is changing in value, and disappears as

soon as the current becomes steady once more.
If the current is alternating, the flux and consequently

the e.m.f. of self-induction will be alternating also.

The times of maximum rate of change of the flux will

be when the current is passing -through zero, while when
the current is at maximum the rate of change will

momentarily be zero, and likewise the reactive e.m.f.

If curves are drawn to represent these quantities, current

Fig. 24.

and flux, and reactive e.m.f., we get the result shown in

Fig. 24. It will be observed that when the current begins
to fall from maximum the induced e.m.f. tends to oppose
the change and is therefore shown as rising from zero in

the same direction. There is thus a displacement of 90

degrees between the current and the e.m.f. of self-induction,

the former leading the latter by that angle.
The value of the reactive e.m.f. in a given circuit will

depend on the current, as the rate of change will be greater
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with a larger current. Similarly, with a given current in a,

circuit, the reactive e.m.f. will be greater the higher the

frequency, as with the shorter time interval between

successive maxima in opposite directions, the rate of

change will be greater.

The reactive e.m.f. combines with the pressure generated

by the alternator, the resultant of the two becoming the

effective pressure in the circuit, and the current flows in

accordance with this resultant.

If it were possible to have a circuit with no inductance,

the current would be exactly in phase with the pressure.

The presence of inductance causes the reactive e.m.f.

to arise, lagging behind the current by 90 degrees j
the

resultant of the two pressures will therefore lag behind the

generator pressure, and so also will the current.

The greater the reactive e.m.f. the morewill the resultant

lag and the lower will.be the power factor.

This is shown in the form of a vector diagram in Fig. 25

(a), where Er is the resultant of E,,.,
the reactive pressure,

and E the applied pressure. The current is in phase
with E

r and a is the angle of lag. Diagram (&) shows the

effect of an increase in E^,, Er being smaller and the angle

of lag greater. Another way of looking at the matter is

shown in (c) of the same figure. In this the applied pressure

E
tt
is considered as being made up of two components, one

Eflj. which balances the reactive pressure, being equal and

opposite thereto ; and the other Er which is employed in

producing the current through the resistance of the circuit,

and is in phase with the current. If the reactive pressure

becomes greater a larger component of Ea is required to

neutralise it and the other component Er decreases.

In a circuit where the resistance is negligibly small

compared with -the inductance, the reactive and applied

pressures are practically equal. The applied pressure is
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then almost wholly employed in overcoming the reactive

pressure, and the two are 180 degrees apart. The current

lags by approximately 90 degrees and the power factor is

correspondingly low. Under these conditions energy is

being stored up in the magnetic field linked with the circuit

during one quarter cycle, and returned to the generator

during the next.

The inductance of a straight conductor is comparatively
small, but is increased by the presence of iron in the

(c)
Fig. 2C.

vicinity, owing to the higher permeability of the latter

increasing the flux. If the conductor is in the form of a

coil the flux due to each turn will link with all the turns

and the inductance will be increased accordingly, owing
to the greater number of linkages, while a coil with an iron

or steel core will naturally have a greater inductance than

a similar coil with a non-magnetic core.

Coils of this kind, known as reactances or choking

coils, are often used where it is required to limit the current

in a circuit, the effective pressure being reduced by the
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reactive pressure set up by the coil. These coils have

the advantage over resistances for the same purpose, that

their resistances may be made small and the heating losses

kept low.

CAPACITANCE

"When two alternators are connected in parallel the

relation between their pressures may be such as to cause

the current to lead the pressure in one of them.

There are other circumstances, however, which may
result in a leading current where only one alternator is

concerned, these arising from what is known as capacitance
in the cables, etc., connected to the machine.

In order to see how this comes about we will consider

a piece of apparatus called a condenser, which is specially

intended to produce a capacitance effect.

In this, two plates of some conducting material separated
from each other by an insulating substance, are connected

one to each of the terminals of a source of electrical pressure.

When the pressure is applied there will be no current

through the condenser on account of the circuit being
broken by the insulator, but the plates will become charged,
one positively and the other negatively, the amount of

the charge being proportional to the applied pressure.

As long as the pressure is maintained the charge will

remain, any variations in the pressure producing corre-

sponding variations in the charge.

The result of this is that every change in the pressure
is accompanied by a current in the conducting parts of the

circuit, electricity flowing in one direction or the other

as the charge varies.

If the pressure applied to the condenser is alternating

the charge will alternate also, the direction of the charge
and the signs of the plates reversing with the reversal of

pressure, thus producing an alternating current in the
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circuit, and this current can be shown to be leading the

applied pressure by 90 degrees.

The amount of the charge being proportional to the

pressure, both these quantities may be represented by the

same curve, as in Fig. 26, while the slope of the curve will

indicate the rate at which the charge is changing in value

at any instant.

As the pressure approaches maximum in a given
direction the charge is building up and the current corre-

sponds in direction to the pressure. When maximum

Fig. 20.

pressure is readied the charge is complete and charging
ceases, the current therefore being zero at that instant.

On the, pressure beginning to fall from maximum the

charge is reduced, the current commencing to flow in a

direction opposite to the pressure, until when the latter

is passing through zero, the rate of change of the charge,
that, is the current, is a maximum.

Charging then begins in the other direction, correspond-

ing to the reversal of pressure, and as the charge approaches
maximum the current falls to zero once more.
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The curve showing the variation of the current, or the

rate at which the charge changes, is seen to lead the pressure

curve by 90 degrees, as stated above.

In general, apart from condensers designed and con-

structed to operate as such, capacitance effects exist

between any parts of a circuit or system which are at

clifierent potentials, and with long transmission lines on

a.c. systems the charging current becomes a factor of

importance in operating practice.

"With a pure charging current, energy is being alternately

stored in the condenser and returned to the alternator,

BO that the average power taken over one cycle is zero.

As it is impossible, however, for any conductor to be

wholly without resistance, a small loss occurs from the

passage of the charging current through the conducting

parts of the circuit. This, together with losses which are

Associated with the dielectric, or the insulator, between the

conducting parts, results in the output from the alternator

during one cycle being larger than the input ;
the power

factor therefore being greater than zero, and the current

leading by less than 90 degrees.

In a circuit which is transmitting power there is

Always present a charging current, however small, 'and this

which by itself would lead the pressure by 90 degrees,

combines with the load current, the actual current being
the resultant of the two.

Inductance and capacitance effects tend to neutralise

ach other, but in ordinary practice the inductive effect

usually predominates so that the current lags, although not

-fco the extent it would do if the system had no capacitance.

It will be observed that inductance effects depend

entirely on the current, while capacitance effects arise

solely from the pressure.



CHAPTER VI

POLYPE'ASS MACHINES

Production of Polyphase Pressures. A supply derived

from a machine having armature tappings at 180 degrees-

only is known as single-phase, and requires two line wires-

for transmission. Armature windings may, however,
have tappings less than this distance apart, and will

give a series of pressures differing in phase from each other.

Such machines are called polyphase and have 3, 4, or 6

terminals, according to whether the tappings are at 120,

90, or 60 degrees. Sections of the winding between adjacent

tappings are called phases, the number of phases being

equal to the number of tappings per pair of poles ;
the

machine being styled 3-phase, 4-phase, or 6-phase

accordingly. Rotary converters are invariably polyphase
machines, the single-phase converter possessing character-

istics which render its use undesirable.

In any polyphase machine the armature winding is

divided evenly by the tappings, so that the pressures
between adjacent tappings are all equal, while the angular

displacement between the phase pressures is equal to the

number of degrees between tappings. Thus in a 3-phase

system there are three equal pressures following each other

at intervals of one-third of a cycle or 120 degrees ; in a

4-phase system, four pressures with 90 degrees between

them ; and in 6-phase, six pressures at intervals of 60 degrees.
81 Q
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In Pig. 27 the circles represent two-pole windings with

3, 4, and 6 tappings. The pressure between tappings

equally on either side of the neutral points is zero, while

phases midway between the neutral points are at maximum.

G-p/iase

As the armature rotates, the phases will each in succession

arrive at the position of maximum in a given direction,

and the order in which they do this is shown by the number-

ing of the phases. This is seen to run in the opposite
direction to that of the armature rotation.

Relative Values of Polyphase Pressures. The relation

between the pressures obtained with differently spaced

tappings can be shown by the vector diagram for the

lap winding, described in Chapter V., and given in Fig. 28.

The pressure between 180 degree tappings, represented

by the diameter of the circle, is taken as unity, and the

smaller pressures expressed as fractions of this. The same

proportions hold good, of course, for either maximum or

virtual values.

In the 3-phase machine all the tappings are equally

spaced and only one pressure is available, whereas in the

4-phase and 6-phase machines there are alternative group-

ings providing different pressures.

With 90 degree tappings each is that distance from its
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next neighbours, but is in addition 180 degrees from the

next but one, and there are thus two distinct values of

pressure available. The tappings may be considered as

falling into one group with 90 degree intervals, or as two

pairs at 180 degrees with a displacement of 90 degrees
between the pairs. The machine is therefore of four or

two phases according to which view is taken ; in rotary
converter practice these are always called 2-phase, as they
are run from transformers having 2-phase secondaries.

60<

Fig. 28.

In the (i-phase machine there are tappings (50, 120,

and 180 degrees apart, and three different pressures. The

armature may be considered as having six tappings at 60

degree intervals, two groups of 120 degree tappings, or

three pairs of 180 degree tappings.

In the first view the machine is of six phases, in the

second of two 3-phase syatems interlinked and with 180

degrees displacement between them, and in the last of

three single phases displaced by 120 degrees. Tlie^e
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are represented in Fig. 29, each, being indicated by a

different style of lining.

The subjoined table gives the relationship existing

between the pressures with variously spaced tappings in

terms of each other.

When the pressure between certain tappings is known,
find the column headed by the number of degrees between

those tappings. In that column will be found the factor

by which the known pressure is to be multiplied to find the

Kg. -29.

pressure between tappings spaced at distances given in the

right-hand column.

For example, if the pressure between 180 degree tappings
is known, multiply by 0'866 for that between 120 degrees,

0'707 for 90 degrees, and -6 for 60 degrees.

Pressures, Current, and Power in Polyphase Machines.
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In order to obtain a basis for comparison a machine

giving a virtual pressure of 100 volts between 180 degree

tappings will be considered. The load will be assumed
as of 1,000 watts, and the pressures, armature current,

and line current worked out for single and polyphase

systems.

For the sake of simplicity it will be assumed that the

field is of two poles and the power factor unity. As a'

single-phase machine the line pressure will be 100 volts

and the current 1000-i-lOO or 10 amps., 5 amps., in each

path through the winding.

Two -phase. We may proceed by either of two

methods, one by treating the machine as of four phases,
and the other as of two.

In each case the total power has to be divided equally
between the phases, and in the first method the watts per

phase in our example equal one-fourth of 1,000, or 250.

Dividing this by the phase pressure 70 -

7 volts we get 3'54

amps., as the armature current per phase.

The line current will be the resultant of that in two

adjacent phases with 90 degrees displacement, and will

qual 1-41 times 3-54, or 5 amperes.

Considering the machine as of two single phases the

same result is obtained. In this case the watts per phase
will be 500, which divided by the full pressure of 100 volts

gives a line current of 5 amps., or 2'5 amps., in each path

through the winding for each phase.

The currents of each phase flow in the one winding and

having a displacement of 90 degrees their resultant will be

equal to 1'41 times 2'5, or 3'54 amps., as before.

It will be seen that for a given load the ratio between

the armature current in the single-phase and 2-phase
machines is as 5 to 3 -54 or 1 to 0'707. This means that

with the latter the heating losses will be smaller for the
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same load, or conversely that the machine "will give a

greater output for the same losses.

The effective torque will be the resultant of the single-

phase torques in the four phases of the winding. Phases

which are 180 degrees apart will have their maximum torque
at the same instant, so that the curves for these will be

super-imposed on each other, giving a resultant torque
curve of twice the maximum value of either of them singly.

Fig. 30.

There being two such pairs of phases we get two single-

phase torque curves each having a maximum value of twice

that of one phase, and with a displacement of 90 degrees.

Fig. 30 shows the curves for the current, and power or

torque for a 2-phase machine, the power factor being unity
and the current and pressure in phase.

By adding together the vertical heights of the torque,

curves at every instant the resultant is found to have a
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steady value equal to the maximum of one of them. The

torque due to one phase is given by the broken line curve.

Proceeding on the assumption of there being two phases
in the machine the same result is obtained.

Talking the separate torques in Kg. 30 the average of

any one of these is equal to one-half its maximum, and from

this it will be seen that the total is divided equally between

the phases.

The uniform value of the torque in a polyphase machine

ia of special importance, inasmuch that when used as a

motor such a machine is not so liable to
"
lose synchronism

"

or be
"
pulled out of step

"
by changes of load as is the

single-phase machine with its pulsating torque.

Fig. 31.

As far as individual phases are concerned the effect of

current lag or lead is a reversal of the torque during parts

of the cycle. Owing to the displacement between the

phases, however, when one pair are exerting a reversed

torque the other pair are at or near maximum in the other

direction, with the consequence that the effective torque

at the armature shaft, although reduced, does not reverse

at any part of the cycle.

In Fig. 31 are given the torque curves for a power factor

of
-8 corresponding to a current displacement of about

37 degrees. The torque in one of the four phases is shown
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by a broken line, as before, the full lines giving the resultants

of two such.

From this it will be seen that although there arereversed

torques introduced four times in each cycle, the resultant

has a steady value, in this case being 80 per cent, of what
it would be for the same pressure and current with unity

power factor.

The armature reactions axe also modified by the dis-

placement of the phases. Whereas the reaction of one

phase alone would be of a pulsating character, as was shown
when dealing with the single-phase machine, the resultant

of the four phases has a steady value.

This is owing to the phases following one another as

the armature rotates, so that as the flux due to one phase
is decreasing, that due to the next phase is increasing
and so maintaining the resultant practically constant in

value.

The poles of the armature flux are therefore stationary
between the field poles, as in the c.c. generator, and the

field flux is subjected to a steady distortion.

Lagging current in the armature, by causing the

maximum to occur after the position of maximum pressure,
shifts the poles of the armature flux forwards, weakening
the field in a generator, and strengthening it in a -motor.

Leading current has the opposite effect.

The foregoing remarks on armature reaction apply

equally to any polyphase machine. The reactions take

place in the same relative directions as in the single-phase

machine, but owing to the overlapping of the effects of the

successive phases they do not pulsate, but have a imiform

value throughout the cycle.

Three-phase. In this machine the power will be
divided equally between three phases, and in the example
will be 333 watts per phase.
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The phase pressure will be 0-866 of that between 180

degree tappings or 86 '6 volts and the phase current >

333-^86-6 or 3 !8 amps.
The line current will be the resultant of the currents in

two adjacent phases of the armature.

Now although the currents in adjacent phases have a

displacement of 120 degrees, it must be remembered that

any one tapping forms the trailing end of one phase and the

leading end of the next.

Therefore as two phases in succession reach the position
of masdmum, their currents at those instants, while in the

same direction in the armature, will be in opposite directions

in the common tapping. That is, the two maxima in the

tapping will occur in opposite directions with an interval

of 120 degrees, which is equal to an added displacement
of 180 degrees between maxima in the same direction.

The line current, then, is the resultant of the two phase
currents of 3-8 amps., with a displacement of 120 plus 180

degrees, equal to a difference of 60 degrees. This resultant

will have a value of T73 times the current in one phase, or

'6
-G6 amps.
The pressure shown on switchboard voltmeters will bo

that between lines and the ammeters will show the lino

current. The phase current is obtained by multiplying
the line current by 0'58, so that from the indications of

the switchboard instruments the power in one phase will

be equal to volts X amps. X 0'58.

The total power will therefore be equal to three times

this, the expression simplifying into 1 '73 X volts X ampH.
This is, of course, the apparent power, the real power

being found by multiplying the foregoing by the power
factor.

The torque on the armature will be the resultant of three

tdngle-phase torques displaced by 120 degrees, and will
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have a constantvalue of 1*5 times the masdmumof one phase
alone.

Six-phase. The 6-phase machine, as already pointed

out, may be considered in three different ways, according
to the manner in which the tappings are assumed to be

grouped.
Considered as a 6-phase machine, the power will be

divided between the phases, and in the example taken will

be 166 '7 watts per phase.
The phase pressure will be one-half that between 180

degree tappings or 50 volts, and the phase current 3'3

amps . The line current will be the resultant of two currents

of 3'3 amps., in adjacent phases, with a displacement of

60 plus 180 degrees, equal to 120 degrees, and will also be

3-3 amps.

Considering the tappings as in two 3-phase groups, the

watts per group will be 500, and the watte per phase 166'7.

Dividing this by 86'6, the volts between 120 degree tappings,
the result is T92, the amps., per phase.

The armature current is the resultant of two phase
currents of I

192 amps., one belonging to each of the groups,
with a displacement of 60 degrees, equal to 3 -3 amps.,
while the line* current equals 1'73 times the amps., per phase,
or 3*3 amps., once again.

Considering the machine as having three single phases
connected between 180 degree tappings, the watts per phase
will be 333, and this divided by the pressure, 100 volts,

gives a line current of 3 '3 amps., as before.

In each of the single phases the line current divides into

the two paths through the winding so that the armature
current per phase, taken singly, would be 1*67 amps., and
this current would flow in opposite directions in each half

of the winding.
Now taking any one conductor, it will be found that in



POLYPHASE MACHINES 91

relation to two of the phases it is in one half of the winding,
while to the remaining phase it is in the other half, having

regard to the direction of current in the winding at the

corresponding maxima of each of the phases,or at 120 degree
intervals. The consequence is that the current in any part
of the winding is the resultant of three currents with a

phase difference of 60 degrees, this being the effect of re-

versing one of three with 120 degrees displacement. The
resultant of three currents of T67 amps., with 60 degrees
between them, is equal to twice the value of one of them,
or 3'3 amps., as found by the other methods.

Thus it will be seen that from whatever point of view as

to arrangement of phases the 6-phase machine is considered

the result is the same. These particulars have been given
to afford a guide to the reader in working out the pressures

and currents for any system of connections used to supply

rotary converters, the usual practice being to operate 6-phase
machines from 3-phase systems by means of transformers

which may be connected in various ways, all of which,

however, give the same result at the converter.

Where ammeters are fitted to low-pressure switchboards

for G-phase converters these show the line current
;

volt-

meters may show the pressure between tappings either 120

or 180 degrees apart, this depending on the system of

connections used.

The torque of the machine will be the resultant of the

torques of the six phases, and as these fall into three pairs,

each of two phases whose torques coincide, the diagram will

show three torque curves of a maximum height equal to

twice that of one phase. The resultant of these three is

1'5 times the maximum of one of them, or three times that

of one phase alone.

In rare cases converters may have tappings at 30 degrees,

giving twelve phases. The advantage of using the larger
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number of phases lies in the fact that for a given load

the armature heating is less and more even the greater
the number of phases. This, however, is largely offset

by the increased cost of the extra sliprings and cables

required, so such machines are very seldom met with.



CHAPTER VII

ALTERNATORS IN PARALLEL

Synchronism. As with c.c. generators so with alternators,

before connecting them in parallel it is necessary that the

effective pressure in the circuit formed by the two armatures

should be zero.

This condition is not fulfilled with alternators by merely

having the pressures equal in value, but their alternations

must be in step or in
"
synchronism

"
; that is, the two

frequencies must be exactly equal, and the pressures
must have the correct relationship, so that at every
instant they are in opposition to each other.

The resultant of the two pressures will then be zero in

the local circuit, while an external circuit connected to the

common terminals, or bus-bars, will be supplied from the

two machines in parallel, the load being shared between
them.

This condition is known, as
"
phase opposition

"
or

"
synchronism."
If the two machines were connected together when 180

degrees from phase opposition, the pressure acting round the

local circuit would be equal to the sum of the two machine

pressures, while that acting on the external circuit would
be zero.

This is known as
"
phase incidence," and in this con-

dition no power will be transmitted to the external circuit.

93
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The conditions necessary for the proper working of

alternators in parallel and supplying energy to an external

circuit are, equal frequencies and pressures, and phase

opposition of the pressures.

An indication that these conditions have been attained

may be given by lamps connected between the terminals

of the main switch of the incoming alternator.

The lamps used must be capable of sustaining twice the

pressure of either of the machines, as they will be subjected
to this at phase incidence, and will glow with full brilliancy

at such time.

At phase opposition the lamps will go out, showing
zero pressure between the two machines, and the switch

may be closed.

If the frequencies are unequal the lamps will glow and

darken at a rate equal to the difference between the fre-

quencies, the pressures being alternately in phase incidence

and opposition.

A voltmeter may also be used instead of, or in con-

junction with, lamps.
The foregoing is known as dark lamp synchronising ;

by using different connections for the lamps they may be

made toindicate synchronism by glowing with full brilliance,

this being called bright lamp synchronising.
The operation of paralleling alternators is described

above in its simplest form
; in the majority of instances

instrumentsare usedwhich show the moment of synchronism
with greater accuracy than can be attained by the observa-

tion of lamps.
These instruments are known as synchroscopes, in which

the action of the two pressures, that of the machine or

machines already on load, and that of the incoming machine,
rotates a pointer so as to show by the direction of its motion

whether the incoming machine is too slow or too fast, and
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also the condition of synchronism by itsremaining stationary
in a vertical position.

If the switch is inadvertently closed at the wrong time,

the result is an interchange of power between the machines,

greater or less according to the degree to which the pressures
are out of phase, producing disturbing effects in the system
besides the possibility of damage to apparatus.

In paralleling polyphase machines it is only necessary
to know when one phase is in synchronism, as the relation-

ship between any one phase and its neighbours is the same

in each machine. For the same reason, when examining
the behaviour of polyphase alternators in parallel by means
of vector diagrams, as we shall be doing in the following

section, only one vector for each machine is required.

Synchronising Torque. The incoming machine having
been switched in at phase opposition with the rest of the

system, we have now to consider how this relation is

maintained and the machines kept in step. A controlling

force will be required which will counteract any tendency
to fall out of step, and such a force can be supplied by the

machines themselves, being brought into play by the change
in the phase relations of the pressures with any departure
from exact synchronism.

Consider two alternators Ej and E2 in parallel, their

pressure vectors being lettered to correspond in Fig. 32.

E] we will assume as being very large compared with E2 ,

so that the eli'ect 011 the speed of E
t
of the load taken up

or dropped by Ea may be assumed negligible.

In diagram (a) the two pressures are exactly in

opposition, the condition of synchronism and the instant

of switching in E2 . The resultant is zero and there will be

no current in the circuit formed by the two armatures.

If the supply of steam to the engine of E2 ia increased

this machine will begin to speed up, and by so doing cause
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its pressure to advance its position relatively to that

of E!-

That is, by completing each cycle in a slightly shorter

time than Ex its angle of lead from Ea will be increased,

or what is the same thing, its lag from Ej will be reduced.

If the machine continued to run at the increased speed
its pressure would, in course of time, advance in phase

until half a cycle had been

gained and phase incidence

reached.

This is prevented, however,

by the resultant pressure in-

troduced by the change in

phase displacement.
In (6) Fig. 32 E2 has ad-

vanced by the angle shown and

the resultant Er arises.

The circuit through the

armatures of the machines is

of comparatively low resist-

ance and high inductance, and
in consequence the current I

(c) (a) (6) produced by the resultant

Fig. 32. pressure will kg behind E
r by

a large angle as shown.

This current being displaced from E2 by less than 90

degrees will produce a load torque on the armature of E3

which will reduce the speed to its former value and check

the further advance of the pressure wave. The machine
thenceforward continues to run at its former speed, but
with its pressure wave in advance of its previous position
relative to that of Ej.

The reader should bear in mind that it is only by virtue

of their exactly equal frequencies that the two pressures, as
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represented by the vectors, are stationary with respect to

each other. In this they may be compared to two men

walking side by side at equal speeds. At every instant the

position of one relative to the other will be the same and
will remain unchanged while their speeds are unchanged.

If one man now begins to walk faster he will change his

position relative to the other man by forging ahead, and if

after accelerating he maintains an increased rate he will

continue to change his position by continuing to gain. If,

however, after accelerating for a short period he reduces

speed once more to that of his companion, he will cease to

change position, but will nevertheless maintain the lead

which he gained during acceleration. Only by dropping
below his companion's speed may he come back to his

original relative position.

The same line of reasoning may be applied to the case

of one man reducing his rate of walking and so dropping
behind his companion.

To return to our alternators : if each machine is carrying

part of an external load, the actual current in each armature

will be the resultant of load current and the current due to

the resultant pressure between the machines.

Advancing the vector B2 is the equivalent of retarding
E l3 the resultant arising in the same direction in each case.

From this it will be seen that any departure from syn-
chronism brings about an exchange of power between the

two machines in such a way as to oppose such departure,
the load on the leading machine being increased and that

on the lagging machine reduced.

The larger the angle of displacement from phase opposi-
tion the larger will be the resultant, and the greater the

synchronising power.
The load distribution between two or more alternators

may be varied according to requirements by varying the

H
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power input to the machines from their engines, and so

changing the phase angles between their pressures.

The Synchronous Motor. If one alternator has its

power input reduced until it is just sufficient to overcome

the various mechanical losses in the machine, such as

friction, windage, etc., there will be no electrical output.

A further reduction of the mechanical input will- result in

the speed dropping and the pressure wave being retarded

until there is an input of electrical power from the rest of

the system wiiih. which it is in parallel.

On cutting off the mechanical power entirely the whole

of the work of maintaining the rotation will be taken up

electrically, and the machine thus becomes a motor, the

angle of lag of its pressure behind phase opposition with

the supply pressure depending on the resistances to rotation

which have to be overcome.

The conditions are shown in Fig. 32 (c), where E2 is

the pressure due to the machine now motoring. If a

mechanical load is coupled to the motor the increased

resistance to rotation will cause its pressure to lag still

further, so increasing the resultant Er until sufficient power
is taken from E! to meet the increased load.

Thus it appears that an alternator will operate either as

generator or motor according to whether its pressure is

made. to lead or lag from opposition to that of other

alternators it is connected with.

The speed of the motor will depend on the frequency,
as it must run in synchronism with the generators, any

attempt to depart from synchronism being automatically,

met by a change in the power input to the motor.

Increasing the load causes the pressure vector to swing

backwards, increasing the resultant pressure and the

power input ; reducing the load allows the vector to swing
forward with the opposite effect.



ALTERNATORS

Owing to the necessity fo]

supply frequency, an alternator^

a synchronous motor, and is

machine.

If the supply frequency is divided by"
1

of poles in the field of a synchronous motor, this will give

the number of revolutions per second of the machine at

synchronous speed.

Effect of Field Variation of A.C. Generator. When
alternators are in parallel the effect of varying the field

strength is to leave the load distribution practically un-

altered, but to change the power factor.

This is best illustrated by a vector diagram as in

Fig. 33 (a), where the two pressures are exactly in opposition.

If E2 is increased as shown by the broken line extension of

its vector, there will no longer be exact balance of pressures

in the local circuit, and the resultant Er equal to the excess

of E2 over E1} will arise in phase with E2 . The current I,

circulating between the two machines, will lag behind Er

by a large angle for the reason stated earlier in this chapter,

and if the machines are carrying load I will combine with

the load current, and their resultant will be the actual

current in the armatures.

As the current I leads in E x and lags in E 2 the power
factors will be changed accordingly.

The field of E2 will be weakened by the demagnetising

component of I and the increase of field current offset

to some extent thereby. That is to say, for a given increase

of field current the rise in terminal pressure will be less

when alternators are in parallel than when running alone.

The machine E! having a leading current will have its

field strengthened, this tending also to reduce the disparity

between the two pressures.

The power associated with I will be very small, being
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just that required to make good the resistance losses in

the local circuit, so that, as stated above, the principal

effect of field variation is to change the power factors.

"When the machines are running with less than 180

degrees between their pressures the same result attends

the varying of the field strength of one of them. The
resultant pressure will then be brought more nearly in phase

E:

(c)

Kg. 33,

with the larger of the two 'machine pressures, and the

current angle will be changed to correspond.
Stated briefly, if the terminal pressures of two alternators

in parallel are unequal, there will be in the armature
current of that having the greater pressure a lagging and

demagnetising component, and in that having the smaller

pressure a leading and magnetising component.
Effect of Field Variation of Synchronous Motor.
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The speed of the synchronoiis motor being determined by
the frequency of the supply, variations in the field strength
have no effect on it, but only alter the, power factor. This

is affected in the opposite sense to that of an a.c. generator,

strengthening the field bringing about an advance in the

current angle and weakening the field retarding it.

These relations are shown in (6) and (c) Kg. 33, where
E2 is the generated, or back, e.m.f. of the motor.

The phase angle of the current I is measured from the

impressed pressure El3 and is leading in (6) and lagging
in (c), the weaker field in the latter case being indicated by
the reduced value of E2 . The angle by which E2 lags
from opposition to E x depends on the mechanical resistance

to rotation, that is, the load being driven, and as this has

been assumed constant the actual power taken from the

supply will be unaltered. This is shown by the dotted

projection of I vertically on Ej giving the same value of the

power component of the current in each case, although the

actual values of I, as will easily be seen by inspection, are

unequal, the power factors being different.

Changes in the impressed pressure will also affect the

power factor of the motor by altering the value and phase

angle of the resultant pressure, and therefore of the current.

In this case the effect is opposite to that of a corresponding
variation of the back e.m.f., an increase of the impressed

pressure retards the motor current and a decrease advances

it, as a simple vector diagram will show.

As far as any one machine is concerned the best value of

the field current is that which will give unity power factor,

this entailing the minimum armature current for a givenload .

The readiness with which the power factor of the syn-
chronous motor can be controlled is often made use of in

practice to compensate for other apparatus having an

inherently low power factor. By operating such a motor
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with a leading current, the lagging current from inductive

loads can be neutralised, and the load on the generating

plant kept much nearer unity power factor than would

otherwise be possible.

Such applications as this, however, find but little vogue
with rotary converters on account of the special nature of

the heating effects caused in the armature of these machines

by lagging or leading currents.

Hunting and the Damper Winding. Hunting, to the

occurrence of which all classes of synchronous machines

may be subject in certain circumstances, may be briefly

described as a series of periodic changes in the speed of

rotation above and below that of synchronism.
With rapidly varying load, hunting, when once started,

may continue and grow to such an extent as to involve

risk of the machine losing synchronism. A motor which is

hunting may set the generator doing likewise owing to the

variations in the power taken varying the speed of the

latter, or a motor may be set hunting by sudden changes in

the power input caused by irregularities on the part of the

engine driving the alternator.

In fact, with synchronous machines connected to the

same system, anything which tends to change the phase

relationships between their pressures will also tend to pro-
duce hunting to a greater or lesser extent, this depending
on the relative sizes of the different machines and the

magnitude of the disturbing cause.

Hunting arises from the fact that on account of its

inertia, it is impossible for a rotating body to change its

speed instantaneously.

As an example we may take the case of a sudden increase

of load on a synchronous motor, and examine its effects on

the vector diagram of the machine, which gives a picture
of what is happening.
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When the extra load comes on, the power input is for

the moment inadequate, and the speed begins to fall, the

vector moving backwards, and thus increasing the input.
The vector drops back until it reaches a position where

the power input is sufficient for the Idad, and were it not

for the inertia of the moving masses the speed would rise

instantly to synchronism.
As it is, however, a certain time is taken for acceleration,

during which -as speed is still below normal the vector is

still falling back, although at a decreasing rate, until when

synchronous speed has been regained, the vector is farther

back than is necessary ;
that is, the power input is greater

than is required for the load.

The result is that the speed begins to rise above normal

and the vector to move forwards again, until it reaches the

correct position once more.

At this instant the armature is running too fast, and

during the time taken to slow clown the vector still moves

forward until, when it comes to rest, at synchronous speed,
it is in advance of its correct position, the power input is

too small, and retardation of the armature begins. The
whole cycle of events is then gone through again, the vector,

as it were, oscillating about its correct position, and the

current fluctuating in unison. Normally, hunting tends

to die out after being started, but if fresh disturbances to

the load take place, particularly if these occur at a frequency

corresponding to what is known as the natural period of

OHcillation of the rotating mass, the hunting may be

augmented to such a degree as to cause loss of synchronism.

Usually hunting can be detected by the changes in the

npeed being audible, while the ammeter will show the accom-

panying variation in the current.

AR a result of hunting the armature current alternately

Ings and leads from its normal phase angle with the pressure,
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and the armature flux will oscillate to and fro instead of

remaining stationary.

Advantage is taken of this to introduce means for

mimmising hunting by the use of the damper winding, so

. called from its efEect in damping out any variations from

synchronous speed.

The damper consists of a series of copper bars embedded

in slots in the pole faces so as to lie parallel to the armature

conductors, and having all their ends connected together

on each side, the end connections being carried across from

one pole to the next so as to form a continuous ring right

round the field system.
As the armature flux oscillates, the relative movement

between it and the damper induces e.m.fs. in opposite
directions in adjacent groups of bars, causing circulating

currents, which by their interaction with the armature

flux, impose torques on the armature which oppose the

changes in speed.

When the speed falls and the flux swings backwards

a motoring torque is produced," while when the speed rises

the flux swings forwards and increases the load torque on

the armature.

Any departure from synchronous speed then brings into

play additional forces which oppose such change and tend

to keep the speed constant, thereby reducing the tendency
to hunt.

"While trying over the relationships between the move-

ment of the armature flux and the current and torque

produced, it should be borne in mind when applying the

right- and left-hand rules that the conductors, i.e. the

damper bars, are stationary while the flux moves, which

is equivalent to a movement of the conductors in the

opposite direction.



CHAPTER VIII

THE ROTARY CONVERTER

Double Current Generator. It has been shown that a

machine having a lap connected armature winding can be

made to give either continuous or alternating pressure at

its terminals, according to the method of making connection

between the armature and the external circuit.

As the fitting of a commutator for continuous pressure
or tappings and sliprings for alternating pressure involves

no modification of the winding itself, these may both be

fitted to the same winding, when both kinds of pressure
will be available. Such a machine when driven mechani-

cally is known as a double current generator.

Ratio between Continuous and Alternating Pressures.

As both pressures are due to the same winding and

magnetic field their values will bear some fixed relation

to each other. The continuous pressure will be that

between two neutral points in the winding, 180 degrees

apart.

With tappings at 180 degrees the pressure between them
will be greatest when they occupy these neutral positions,

so that the maximum alternating pressure will equal the

continuous pressure, and its virtual value will be equal to

0-707 of this.

The relation between the pressures available with

different arrangements of tappings being known, we have
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no difficulty in arriving at these values in terms of the con-

tinuous pressure.

For example, between tappings 120 degrees apart the

pressure is 0'866 of that between 180 degree tappings ;

the virtual value of the latter being 0'707 of the continuous

pressure the former will have a virtual valueof 0'866 X 0'707,

or 0-612 of the continuous pressure.

Proceeding on these lines the virtual values of the

pressures between tappings in the various cases will be found

to be as follows :

Tappings. Alternating pressure.

180 degrees apart. 0-707 of continuous pressure.
120 0-612
90 0-5

60 0-364

These are theoretical values, based on a sine wave

form, but in actual practice the values may be slightly

higher, this depending on the wave form.

Ratio between Continuous and Alternating Currents.

For a given load the current at the commutator brushes

will be equal to the watts divided by the volts.

For the same load on the alternating current side the

.current per slipring will depend on the number of sliprings,

that is, the number of tappings per pair of poles.

To illustrate this we will consider the example taken in

"Chapter VI., a machine giving 100 volts virtual value

between 180 degree tappings, and a load of 1000 watts.

The continuous pressure will be 1*41 times the above

virtual value, so that the continuous current will be equal
to 1000 -=-141, or 7-07 amps.

In the single-phase machine then, the slipring current

will be lOOO-hlOO or 10 amps., which is 1-41 times the

continuous current for the same load, assuming unity

power factor.

Working out the current per slipring for different
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numbers of rings in terms of the continuous current for

equal watts, the following results will be obtained :

2 ringd, current per ring equals 1
-41 times continuous current.

* ii 0*94
4 0-707

0-47

Resultant Armature Currents. If the double-current

machine is supplying both a c.c. and an a.c. load

simultaneously, there will be a considerable difference in

the armature current distribution as compared with what
obtains when supplying solely c.c. or a.c. loads.

This is due to the fact that whereas the current from

the commutator has a steady value in any conductor during
the whole time it is passing from one brush to the next,

the slipring current varies from zero to maximum and back

again over successive periods of 180 degrees.

Furthermore, while the commutator current reverses

in each conductor when it reaches the same point, the

neutral of the field, the moment of reversal of the slip-

ring current in any conductor depends on the position of

the conductor relative to the tappings.

The pressure in any phase of the winding, and conse-

quently the current (at unity power factor) is at zero when
the tappings are on either side of the neutral points of the

field.

This is the moment of reversal for that particular phase,
and clearly, only those conductors midway between the

tappings can be in the neutral points of the field. There-

fore, only in these will the slipring current reverse at the

same instant as the commutator current.

On the other hand, conductors adjacent to the tappings
will be displaced from the neutral of the field by an amount

depending on the spacing of the tappings.
The reversal of the slipring current in these will be
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displaced from the commutator reversal by a similar

amount.

For example, with tappings 60 degrees apart, a conductor

situated immediately behind one of the tappings will pass

through the neutral of the field 30 degrees before the reversal

takes place in that phase.
The commutator current will therefore reverse in that

conductor 30 degrees before the slipring current, while

for a conductor immediately in front of a tapping the con-

verse will -hold good, the commutator reversal lagging
behind the slipring reversal by 30 degrees.

In general, conductors in the leading half of any phase
will have the commutator reversal leading, and those in the

trailing half the slipring reversal leading, the amount

depending on their distance from the middle point of the

phase.
The actual current in the conductors will be the resultant

of the two load currents, and this will be different for each

conductor owing to the

varying displacement be-

tween the two reversals.

In Fig. 34 (a) the rect-

angular curve shows the

commutator current, rever-

sing at intervals of 180

degrees.

The sine wave of slip-

ring current is in phase with

the other, thus referring to-

a conductor midway be-

tween tappings, while the

resultant of the two is.

shown by the shaded line.

In (6) are shown the corresponding curves for a conductor
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immediately in rear of one of the tappings, which are

assumed as 60 degrees apart.
The sine wave therefore lags behind the rectangular

wave by 30 degrees, and the effect of this on the resultant

should be noted.

For short periods the two currents are in opposite
directions so that they cancel each other to a certain

extent, thus reducing the effective value of the resultant.

This means that the heating in conductors situated adjacent
to the tappings will be less than in those midway between

them.

In the foregoing the a.c. and c.c. loads have been

assumed to be equal, and the power factor unity, any lag

or lead of the current having the effect of causing the slip-

ring currentreversal totake place later or earlier accordingly.

It is not necessary to deal further with the behaviour

of the machine as double current generator, the object

being to lead up to its operation as rotary converter.

The Rotary Converter. If the double-current machine

is running in parallel with other plant on both c.c and a.c.

sides, and the power of the driving agent is cut off, the

machine will continue to run as a motor, and under certain

conditions of field excitation will take power equally from

both sides to maintain the rotation.

The speed, of course, will be that of synchronism.

If, while running under these conditions, the field is

slightly weakened the internal pressure will be reduced, and

a larger current will flow on the c.c. side. This will tend to

cause an increase in speed.
On the a.c. side, however, the pressure which has been

lagging slightly from phase opposition with the supply,

in order to allow of the power input necessary to assist

in driving the machine, will have its lag reduced by any
increase in speed.
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In consequence the power taken from the a.c. side will

be reduced, the total power required, which is still the same,

being now supplied in larger proportion from the c.c side.

By adjusting the field excitation suitably, the whole of

the power may be taken from the c.c side, the pressure at

the sliprings being then in exact opposition to that of the

supply and no power taken therefrom. A further decrease

in the field strength will cause the slipring pressure to lead

from phase opposition and power will be delivered to the

a.c. system, a corresponding amount being taken from the

c.c. system by the larger current due to the weakened

field.

On the other hand, with the machine motoring equally

from either side, if the field is strengthened the increase in

the internal pressure reduces the current on the c.c. side,

the slipping pressure drops back still farther, and more

power is taken from the a.c. side. If the field is increased

sufficiently, power may be transferred from the a.c. to the

c.c. system, and.it is in its application to such transference

of power from one system to another that the machine is

termed a rotary converter.

The most common use of these machines is to convert

from a.c. to c.c., the opposite conversion being known as

"inverted" running.

Armature Current in Rotary Converter. As in the

double current generator, the current in the armature

conductors is the resultant of the commutator and slip-

ring currents, with the important difference that these arc

in general in opposite directions.

This has the effect of very materially reducing the actual

current in the conductors from what it would be were the

machine giving a similar output as either plain c.c. or a.c.

generator.
The current in the conductors also varies with regard toO
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their distance from the tappings, but in this case those

midway between the tappings carry the smallest current.

This arises from the fact that, the reversal of the two.

currents occurring simultaneously in these conductors^,

their direction is always opposite to each other, thus giving

the most complete neutralisation.

In conductors nearer the tappings, however, the two-

currents are displaced to a greater or lesser degree from

exact opposition, so that during certain periods they are

in the same direction, or cumulative.

The amount of the displacement between the two-

reversals is limited, at unity power factor, to one-half the

distance between tappings. With the smaller number of

phases the amount of this displacement, in the conductors,

adjacent to the tappings, is greater than with tappings

closer together, so that in the former the periods when the

two currents are in the same direction are longer ;
in addition

to this the current per phase is greater for a given load,

the fewer the phases. The larger the number of phases the

machine is arranged for, therefore, the smaller and more

uniform is the armature heating.

These points are illustrated in Fig. 35. which shows

the commutator, slipring, and resultant currents for a.

conductor, in (a) midway between tappings, and in (6) next

to a tapping, in a single-phase, and a 6-phase machine.

The much smaller resultant in the 6-phase machine will

be readily noticed.

On account of the low R.M.S. value of the armature

current, polyphase converters may be made smaller than

plain c.c. generators for the same output. Conversely,

a polyphase converter, operated as such, will give a greater

output for a given heating than if operated as a c.c.

generator. Outputs for equal heating for converters of

different numbers of phases, as compared with the same
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machine operated as c.c. generator, are as follows : 3-phase,

1-34: ; 2-phase (4-phase), 1-64: ; 6-phase, 1-97 of c.o. rating.

For a single-phase converter the relative output for equal

heating is only 0*85 of the plain c.c. rating.

Resultant Torque. Referring ,to Fig. 35, it will be

observed that the resultant current reverses several times

during 360 degrees, at some parts of the cycle being in the

generated direction and at others in opposition.

This indicates reversals of torque, the final result being

(U

6-phase

Fig. 35.

that, neglecting losses, the sums of the opposing torques are

equal, which means that the whole of the power input is

transformed electrically, no mechanical power being
transmitted to the shaft.

In actual practice, owing to the unavoidable losses,

such as friction and windage, the power necessary to supply
these is converted into mechanical form and transmitted

through the structure to the various points where these

losses occur, with a corresponding reduction of electrical

power output for a given input.
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lu Fig. 35 these losses have been ignored and the input
and output assumed equal.

Effect of Lead and Lag on Armature Current.

When the power factor is less than unity the armature

heating is increased, particularly in those conductors

adjacent to the tappings, this effect being due, not so much
to the increased current for a given load, as to the increase

in the displacement between the commutator and slip-

ring reversals in certain conductors.

For example, in a 6-phase converter, at unity power
factor the a.c. reversal in a conductor situated immediately
behind one of the tappings will take place nearly 30

degrees later than the commutator reversal
; whereas with

the slipring current lagging behind the pressure this dis-

placement will be increased by the amount of such lag,

with consequent increase of the R.M.S. value of the

resultant.

Conductors situated in front of a tapping will have the

displacement between the two reversals (a.c. reversal

preceding the other in this case) decreased by lagging

current, thus reducing the R.M.S. value of the resultant

in spite of the increase of the slipring current due to the

lower power factor.

In Fig. 36 is shown the effect of a lag of 30 degrees in

the current for a conductor

in the name position as that

in Fig. 35 (6). The 30 degree

(liHplawment between the

two reversals has been in-

c.rcaHod by a further 30

degrees owing to the lagging

current, the effect on the resultant being very noticeable.

With lagging current, then, the resultant current is

increased in conductors behind the tappings and decreased

i
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in those in front of the tappings in the direction of rotation,

while the conductors having the minimum current are no

longer those at the middle point of the phase, but those to

the rear of this- position.
*

With leading current the effects are the opposite of those

outlined above, the displacements between the two reversals

being affected in the contrary direction.

Commutation. As each armature coil arrives at the

neutral points there is a change in the value of the

current in it equal to twice the value of the continuous

current.

In the c.c. generator this consists of a change from full

value in one direction to an equal value in the other

<iirection.

In the rotary converter, however, this is not always the

case, the change may be from one value in a given direction

to a larger or smaller value in the other, or even from one

value to another, greater or less without reversal, this

depending on the position of the coil with reference to the

tapping points.

Only in those coils in which the slipring reversal coincides

with the commutator reversal is the change one between

equal values in opposite directions.

These points may be seen illustrated in Figs. 35 and 36,

but it will be observed, nevertheless, that the actual change
in the current is always equal to twice the commutator

current, as stated above.

Commutating poles in rotary converters have practically

only one duty to fulfil, that of changing the value of the

current in the coil.

In the c.c. generator, as was pointed out when dealing
with interpoles, these have to be of sufficient strength to

divert the 'armature cross flux from that part of the

armature wherein are the coils undergoing commutation,
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as well as to provide a flux in the proper direction to efEect

reversal of the current in the coils.

In the rotary converter the cross flux is the resultant

of two opposing effects, so that there is more or less

neutralisation of each other, the actual degree of this

depending on the relative values of the currents on each

side of the machine.

The worst case is that of the single-phase machine,
where the armature reaction due to the alternating current

is intermittent, while that due to the commutator current

is constant so that when the former is at zero the latter

exists alone, while when the former is at maximum the

reaction is reversed owing to the greater value of the

alternating current for a given load.

The commutating flux, -which has to be strong enough
to maintain a reversing field in the armature against the

cross flux at a.c. zero, will be augmented by the reversed

cross flux at a.c. maximum, this variation in the

strength of the interpoles rendering commutation very

unsatisfactory.

On the other hand, the cross flux in a polyphase
armature is constant in value for a given load, so that in

the polyphase converter, the two reactions, motoring and

generating, being constant and in opposite directions will

neutralise each other.

Actually, of course, the two reactions do not exist

separately, but in many ways it is convenient to consider

them thus, and by comparing them to arrive at an under-

standing of their combined effect.

If the slipring current is lagging or leading from the

pressure the result will be the same as in the polyphase

motor, a strengthening or weakening of the field.

Under these conditions the motoring cross flux, con-

sidered separately, may be looked on as consisting of two
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components, one tending to distort the field, but always

proportional to the load and balanced by the generating
cross flux, the other one situated 90 degrees from the

former and therefore opposite the field poles, reducing or

increasing the main flux as the case may be.

When hunting occurs, the motoring armature flux may
be considered as oscillating backwards and forwards about

its normal position, as the current alternately leads and

This is accompanied by variations in the power input,

and the load being supposed constant, energy is alternately

stored in and withdrawn from the rotating mass of the

armature as the speed fluctuates.

This means that the power component of the driving

current is not always equal to the load on the machine, so

that the balance between the armature reactions is being

subjected to periodic disturbance, resulting in a swaying
to and fco of the flux in the commutatmg region. This in

its turn tends to cause sparking at the commutator brushes.

Pressure Ripple. Among the phenomena which occur

during the operation of rotary converters is that of a

periodic fluctuation of the pressure generated, known as

ripple. This may be caused by commutation, or by the

effect on the flux of the slots for the armature and damper

windings. Ripple produces undesirable effects by mutual

induction in telephone circuits, where these lie adjacent
and parallel to supply lines connected to either the a.c.

or c.c. sides of the converter, and particularly is this so

when the frequency of the ripple lies within the range of

frequencies employed in human speech. Ripple may be

caused by the wave form of the e.m.f. induced in the

armature conductors, and the simplest case of this may be

briefly explained as follows. In any armature conductor

the e.m.f. rises from zero to maximum and falls back to
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zero during the passage of the conductor from one neutral

point of the field to the next, and the rate at which these

changes occur, in the rotary converter with suitably

designed flux distribution, follows a sine law. At any
instant, there are a certain number of conductors in series

between two adjacent sets of commutator brushes, and

the e.m.fs. in these will all be at different parts of their

respective half sine waves : the total pressure between

brushes will therefore be the sum of these different e.m.fs.

If there were an infinite number of conductors there

would be one in every possible position at every instant,

and the sum of their e.m.fs. would be constant. Actually,
the number is limited and the conductors therefore have

a space interval, and this is further increased by the

grouping of the conductors La slots. The result is that the

sum of the e.m.fs. induced varies according to whether

there are conductors in the position of maximum induction

or not, at the instant taken.

For example, we may consider the position when the

point of maximum induction Hes midway between two

conductors, and then assume that the armature moves

forward the distance of one conductor space. All the

conductors on one side of the centre move towards the

denser part of the flux and. their e.m.fs. increase, while

all those on the other side of the centre move towards the

weaker part of the flux, and their e.m.fs. decrease. The

changes in the e.m.fs. induced in these conductors will

therefore balance each other. The conductor which passes

through the position of maximum induction, however, will

have a rise and fall of the e.m.f. induced which is not

neutralised by a corresponding change in any other con-

ductor, and this appears at the commutator brushes

in the form of a ripple, with a frequency equal to the

number of conductors passing a given point per second.
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The actual form of this ripple is complicated by the

grouping of the conductors in slots, and also by the distance

apart of conductors forming one turn of the -winding ; as

stated above, only the simplest case has been considered

here.

In ordinary c.c. generators this ripple is eliminated by
designing the field so that the e.m.f . induced is the same in

conductors in any part of the flux, that is, the wave form is

flat topped. In the rotary converter this cannot be done
on account of the sine wave form required, so the effect

of the ripple is minimised by making it of as high a fre-

quency as is permissible, consistent with other require-
ments of the design. This ia brought about by using a

large number of conductors per pair of poles, the amount
of the ripple being reduced, and its frequency increased

thereby. This practice is advantageous in another respect

also, in that it reduces the pressure between adjacent
commutator bars, and thus lessens the liability to flashing
over on the commutator.

The variation in the number of coils short-circuited by
the brushes may also cause a ripple. For instance, in

Figs. 7 and 8, in the position shown, one coil is short-

circuited, whereas a short time earlier or later the brush

will be resting on parts of three bars, and two coils will be
cut out : the number of active conductors between brushes

therefore varies by two. In the rotary converter the coils

thus added or subtracted are in the weakest part of the

flux, and their influence is still further reduced by having a

large number of conductors per pair of poles, as the ratio of

two conductors to the total number is thus made smaller.

Ripple due to armature slots is caused by bunching
of the flux, which takes place as a result of the higher
reluctance of the airgap over the slots as compared with

that over the teeth between them. When a tooth is
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passing out from under a field pole it carries this bunched

flux -with it a certain distance, until the reluctance of the

path becomes too high and the flux, as it were, snaps
back to the next following tooth. Similarly, when a tooth

is approaching a pole, the flux may be considered as spring-

ing out across the preceding slot to meet the tooth. The
result of each of these is that there is a momentary increase

of the e.m.f. in the conductors in these slots, producing
a ripple with a frequency equal to the number of teeth

passing one pole in one second. The armature slots should

be of such a number as will produce a ripple with a frequency

high enough to cause no interference with neighbouring
circuits.

Damper bars, as a rule, are not placed in open slots in

the pole faces, but are passed through holes in the pole

tips from one side to the other. Being composed of non-

magnetic material, their presence increases the reluctance

of those parts of the pole tips in which they lie, causing the

flux to bunch in the spaces between the bars. Ripple due

to this may be neutralised by either spacing the damper
bars at a distance of one and a half times the armature slot

spacing apart, or placing the bars in adjacent poles so that

when armature slots lie under the bars in one pole, armature

teeth arc under bars in the next pole. Two ripples in

opposition are then produced, which balance each other.

Uneven Wear of Sliprings. A good deal of trouble

is often canned by uneven wear of sliprings, hollows being
formed in the rings, and burnt patches, fine to sparking,

appearing. These hollows are found to correspond in

number to the pairs of polos in the field, and are due to the

fact that, when the current is flowing from the ring to the

brushes, the wear in greater than when it is in the opposite

direction. The amount of inequality in the wear depends
on the length of time that any part of the ring is in contact
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with the brushes, that is, on the extent of the arc covered

by the brushes.

If this arc is of the same number of geometrical degrees
as is contained in two pole pitches, each part of the ring

will make contact during the time taken for one cycle,

although, of course, only certain points on the ring will

begin and end their period of contact with the beginning
and ending of the cycle. Other parts will come under

the brushes earlier or later in the cycle, and will leave them

correspondingly later, but the total result will be that

every part of the slipring mil carry current for an equal
time in each direction. The wear wiH therefore be uni-

form, so far as it is affected by direction of current.

If the brushes make contact over an arc equivalent to

less than two pole pitches, only certain points on the ring,

equal in number to the pairs of poles, will have the wear

equalised by being in contact with the brushes during equal

parts of successive half-cycles. At all other parts the

rings will carry current for a longer period in one direction

than in the other, and the wear will vary accordingly.

There are many machines in service in which the slipring

brushes cover too small an arc, necessitating frequent

grinding or turning down of the rings.



CHAPTER IX

PRESSURE CONTROL

By Simple Field Regulation. The variation of the con-

tinuous pressure of a rotary converter is not the straight-

forward matter that it is with the c.c. generator, on account

of the effect which field regulation has on the a.c.

characteristics of the machine.

The vector diagram shows that varying the excitation

of a synchronous motor changes the phase angle of the

current, and it is this alteration of the power factor, and

the armature reaction effects arising therefrom, which

constitute the problem with the rotary converter.

"When the converter is running with a lagging current,

the actual field flux will not he that due to the exciting

current in the field coils alone, but will be composed of

this plus the magnetising effect of the armature reaction,

and the generated pressure will correspond.

If an attempt is made to increase the generated pressure

by increasing the field current, the lag of the armature

current is reduced and the magnetising reaction decreases,

thus tending to counteract the increase of the field current.

On the other hand, reducing the exciting current

increases the lag and therefore also the armature

magnetising effect.

Similarly, when the current is leading, increasing the

field current causes greater lead and increases the de-

121



122 ROTARY AND MOTOR CONVERTERS

magnetising reaction, while reducing the exciting current

has the opposite effect.

There is thus a differential action produced whereby any

change in the field excitation causes an opposing change'

in the armature reaction.

Simple regulation of the field current, therefore, is of

very little use for varying the continuous pressure generated,
unless something is done to prevent the phase angle of

the current on the a.c. side being affected, and several

methods are in use for this purpose.

In general, such methods have for their object the-

varying of the impressed pressure, and a glance at a vector

diagram will show that if this is done in correct proportion,

to the change in generated pressure no change in power
factor will occur.

Control of the continuous pressure is thus obtained over

a range varying with the method used, and while in some-

cases the power factor varies to a certain extent, in others

it may be maintained constant throughout the whole-

range and at all loads.

The several methods used are as follows :

Varying the supply pressure at alternator

terminals.

Changing tappings at transformer.

Series reactance.

Induction regulator.

Synchronous booster.

Varying Alternator Pressure. In comparatively few

instances is it possible to vary the pressure at the alternator

in accordance with the requirements of the converter, but

where it can be done, as when the whole output of an
alternator is converted to c.c., no auxiliary apparatus is

necessary beyond the field regulators of the two machines,
while compounding may be obtained by means of am
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automatic regulator for the alternator and a series winding-
on the converter field.

In the majority of cases, however, converters are-

operated as part of the general load on an a.c. system, so

that variation of the supply pressure at its source is

impracticable.

The methods employed in such cases involve the use

of apparatus which is a modification of, or additional

to, the requirements for conversion alone, and in deciding
which to adopt, regard has to be paid to the range of

pressure variation required, as well as to the cost of the-

necessary apparatus.

Changing Transformer Tappings. It sometimes

occurs that converters are required to give two distinct

ranges of pressure at different times, as for instance, 440

volts for public supply and 550 volts for tramway work.

As in most cases these machines are used with transformers

which reduce a high pressure supply to a value suitable for

the continuous pressure required, such conditions are-

most easily met by altering the connections to the trans-

formers so as to get the two desired values for the slipring

pressures.

Facilities can be embodied in the construction of the

transformers, whereby the change may be made quickly

and simply at the time of changing from one c.c. system
to the other, although it is usually necessary to shut the

machine down for the purpose.

If a minor range of pressure variation is required in

addition this can be provided for by one of the other

methods of control, which by itself would not be sufficient

for such a large step as that mentioned above.

Field Regulation with Series Reactance.- Where the

range required i,s comparatively small, that known as tho

reactance method of control is usually adopted.
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In tliis, use is made of the e.m.f. of self-induction in

suitable reactance coils in series with the supply circuit

to effect a variation of the pressure applied to the sliprings.

This is done by varying the excitation of the converter

and thus changing the phase angle of the current, leading
current causing the resultant of the supply and reactive

pressures to increase, and lagging current having the

opposite effect. A little consideration will show that if

the current were made to lag by 90 degrees, the reactive

pressure, lagging a further 90 degrees would be in exact

opposition to the supply pressure, while a current leading

by 90 degrees would produce a reactive pressure in phase
with the supply. In actual practice, of course, such

extremes cannot be even approached on account of the

effect of the low power factor on the armature heating,
and the restriction of permissible output thereby involved.

Nevertheless, a range of pressure at the sliprings up to

about 12 per cent, of the mean value can be obtained,

while still keeping the power factor within practicable
limits.

The effect of the reactive pressure can best be studied

by vector diagrams. In Fig. 37 (a) I is the armature

current leading by a small angle on Ea,
the pressure at the

sliprings. Ea is the resultant of E the supply pressure,
and the reactive pressure E,,. which is induced in the react-

ances by the current, and consequently lags therefrom by
90 degrees. Ea will be seen to be equal to E

fl
.

With load remaining constant, strengthening the field

causes the current to lead still further, and the resultant

increases, as in (6), while a reduction of the field strength

brings about the conditions shown in (c), the current lagging
and E

a being reduced, Ea remaining constant throughout.
Thus the generated and impressed pressures are varied by
field regulation, the effect on the power factor being less,
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and on the generated pressure greater, than it would bo

without the reactance.

At any load, for a given commutator pressure the power
factor is fixed, as one of these cannot be altered without

changing the other, while from no load to full load the

pressure and power factor will remain practically
constant .

if the excitation and supply pressure are kept constant.

There may, however, be an increasing drop in the supply

pressure with increasing load, in which case, in order that.

the slipring pressure may be kept constant, it will have to

rise above that of the supply by an amount equal to Urn

drop in the latter. Further than this, there is tin? question

of compounding required. at the c.o. eud to allow for the.

pressure drop in feeders, etc., so that the ulipring preHHiire

may be required to be higher at full load than ui. no load.

If the changes of load are few or gradual tin's may he

done by hand regulation of the converter field, but where

rapidly fluctuating loads have to bo dealt with automat ie
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Action is necessary, and is obtained byfitting a series winding

to the field magnets. By this means the field is strengthened

with increasing loads and the generated and slipring

pressures raised accordingly, the series field turns and the

reactance being designed to give the required degree of

compounding.
"When compounded thus the current gradually advances

in phase from no load to fall load, and in order that the most

favourable conditions may be obtained, the design is usually

.arranged for a low lagging power factor at no load, im-

proving to unity or thereabouts at full load. At the smaller

loads, even with the low power factor, the total current

will be comparatively small and the heating unimportant.

Fig. 37 shows that as the slipring pressure always lags

behind the supply pressure, the power factors of converter

and supply will be different. For example, in (a) the former

is leading and the latter lagging, in (6) the current leads in

both but by different angles, while in (c) it lags by a different

angle in each.

With the current leading the supply pressure, the

power factor of the converter will be lower than that of

-the supply, and this becomes of importance when the

question of the full load power factor of the machine is

considered.

If this is too low and leading the supply, while no doubt

beneficial in correcting to some extent low lagging power
factor in the system, yet the converter itself has to be made

larger, and therefore more costly, on account of the heavier

current it has to carry.

On the other hand, by having the reactance designed to

give unity power factor at the converter on full load, the

energy is taken from the supply at a low lagging power
factor. As a compromise, a slightly leading current at

full load is often specified, and by this means the power
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factor of the supply is kept as high as possible without

unduly lowering that of the converter.

The wider the range of pressure control required, the

greater will be the variation of the power factor necessary
to obtain this, which results in a larger machine for a given

rating. On this account reactance control is restricted, as

mentioned above, to a range of about 12 per cent, total

variation, all of which, however, may not be available at

the commutator owing to the amount required to com-

pensate for pressure drop on the supply side.

The reactance in the supply circuit may be provided
either by using transformers in which the normal amount
has been increased by special design to the value required,

or by separate reactance coils in addition to standard

transformers.

Induction Regulator. In this method the pressure

applied to the sliprings is varied by a piece of apparatus
called an induction regulator or booster. This is a special

type of transformer, which in its simplest form has two

coils, the primary and the secondary, so arranged on a

laminated iron core that the flux set up by a current in one

coil links with the other.

When the primary is traversed by an alternating
current an alternating flux is set up in the core, and this

produces an alternating e.m.f . in the secondary coil.

The magnetising current in the primary lags by 90

degrees from the pressure, and the flux will do likewise.

The secondary e.m.f., depending as it does on the rate of

change of the flux, will lag by a further 90 degrees, and HO

will be in the opposite direction to the primary e.m.f. round

the core at any instant.

The value of the pressure available at the terminals of

the secondary will be proportional to the number of turns

in the coil, so that by having a secondary with more or
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fewer turns than the primary, a pressure greater or less

than the primary pressure will be obtained.

For further details of the action of the transformer

the reader is referred to Chapter XIV.

Varying the number of secondary turns is not a practic-

able method of regi.i1a.ting the secondary pressure of an

induction regulator on account of its coarseness, moving
as it must do in steps instead of by even graduation, while

the fact that regulation is required when under load intro-

duces further objections. The two windings are therefore

so arranged that -their relative positions may be changed,
so as to vary the flux linln'-ng with the secondary, and thus

to vary the secondary pressure.

This is done by placing one winding in slots in the surface

of a cylindrical core somewhat like an armature, and the

other winding in corresponding slots in the inner surface

of a hollow cylindrical core which surrounds the former,

leaving a very narrow airgap.

The inner core is called the rotor and is capable of rota-

tion through a certain distance by suitable gearing, usually

operated by hand, while the outer core is the stator, and as

its name implies, is fixed.

Either of them may carry the primary or secondary

winding. By placing the rotor so that the fl. of its wind-

ings coincides with that of the stator winding, the same,

flux links with both and the secondary pressure will have

its greatest value, while its direction in the external circuit

will have a definite relation to the direction of the pressure
in the primary. If the rotor is moved through 180 degrcea,

the total flux linkage and secondary pressure will again
be a maximum, but its direction in the external circuit will

be opposite to that formerly existing relatively to the

primary pressure.

Midway between these two extreme positions the two
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windings -will be at right angles, and the flux linTHng with the

secondary zero
; the secondary pressure will therefore

also be zero, and maybe built up graduallyin either direction

relatively to the primary by moving the rotor one way or

the other, so increasing the flux linkage with the secondary.
The arrangement of a single phase induction regulator

is shown diagrammatically in Fig. 38. The primary is

connected across the supply, and the secondary in series

with the leads to the converter sliprings.

The arrows show the direction of the pressures in the

circuits at corresponding instants, and it will be readily

seen how the secondary pressure may be used to oppose

(as in (a)), or assist (as in (c)) the pressure to the converter

by changing the position of the movable winding, the

secondary in this case.

The upper limit of pressure variation will be the normal

supply pressure plus boost, and the lower limit normal

minus boost.

With polyphase supply the action is somewhat different,

on account of the resultant effect of the several alternating
fluxes with a phase displacement.

If the primary coils of a 3-phase booster are arranged
on the core with the proper space interval of 1 20 geometrical

K
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degrees between them, each mil produce a flux, the three

Huxes differing in time by one-third of a cycle, 'or 120

electrical degrees, and being displaced round the core by
the same amount geometrically. The effect of this is to

produce a resultant flux which has a constant maximum
value and rotates round the core, making one revolution

in the time of one cycle of the supply.
This flux will link with the secondary windings, and as

these are stationary and similarly spaced at 120 geometrical

degrees, the flux linkage with each secondary phase will

alternate and induce secondary e.m.fs. with the correct

phase displacement of 120 degrees.

Now the value of the secondary pressures will be

entirely unaffected by the relative positions of primary
and secondary phases, as the flux will sweep over every part
of the secondary windings during each revolution. What
will be altered, however, by shifting the rotor, is the phase

angle between a given primary phase and any of the

secondaries.

Take, for example, a 3-phase booster having the primary

windings on the rotor, and the secondary phases connected

in series with the supply to a rotary converter, the primaries

being energised from the same source of supply.
With a certain position of the rotor the pressure induced

in the secondaries will be in phase with the pressure in the

converter circuit, and this will hold good for all three

phases, as the supply pressures reach maximum in successive

phases at intervals of 120 degrees, and so likewise do the

boost pressures. The pressure applied to the converter slip-

rings will then be equal to that of the supply, plus the

secondary pressure of the regulator. If the rotor is moved,

say 30 degrees, in the direction of the flux rotation, the phase
of the boost pressure is advanced by that amount with

respect to the direction of supply pressure in the secondary
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windings. That is, a given pole of the flux will now reach

any secondary phase 30 degrees earlier, and the secondary

pressure will lead the supply.

If the rotor is advanced 180 degrees fromthe firstposition
the primary flux will gain half a cycle on the rotation of

supply pressures in the secondary, and the boost pressure
will be in opposition to the supply.

The pressure at the converter sliprings, therefore, will

at any time be the resultant of the supply and boost

pressures, the angle between these being capable of variation

between incidence and opposition, and the resultant accord-

ingly having a range from supply minus boost to supply

plus boost.

The vector diagram of these pressures is given in Fig. 39,

E
B being the supply pressure,

and E6 the pressure given by
the secondary of the booster.

The end of the resultant

pressure vector Er will lie some-

where on the broken semicircle

according to the phase angle be-

tween supply and boost, and it

is readily seen how E
r
becomes

larger or smaller than E
tf
with a

constant value of E6 by a change
in the phase angle. AVhen the

angle is such that E6 lies on the

point marked 0, E,. is equal to E
s ,

that is, the effective boost is zero.

It will be observed that only

at full boost in either direction

is E r
in phase with E

s . With any other value of the

effective boost these two are out of phase, and the power
factor of the converter will differ from that of the supply.

i

.__Jt. _2k-

Fig. 30.
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Adjustment of the impressed pressure by the induction

regulator and of the field strength of the converter enables

the commutator pressure and power factor to be varied

inde pendently, a very close regulation of either over a wide

rang e being possible. A disadvantage is that the induction

regulator itself is a comparatively expensive piece of

appa ratus, and its use is only justified when the range of

press ure control desired cannot be efficiently met by other

methods. A diagram of the connections for a 3-phase

regul ator is given in Fig. 40.

Although the diagrams in Figs. 38 and 40 indicate

Supply

Fig. 40.

boosters having a two-pole field, these machines may bo

made multipolar by winding both parts with the requisite

number of coils and connecting them in the proper manner.

With a multipolar booster the rotor has, of course, only
to be moved through 180 electrical degrees, or one pole

pitch, to obtain the extreme range of boost pressure.

Synchronous Booster. The synchronous booster is a

small alternator which has its armature windings connected

in series with the supply to the a.c. side of the converter.

In machines of large output the booster armature may
be stationary, the field magnets biing mounted on the



PRESSURE CONTROL 133

converter shaft and the exciting current supplied through

sliprings. The armature coils are connected on one side

to the a.c. suppl7, and on the other to the converter slip-

ring brushes.

It is more usual, however, for the booster field magneta
to be stationary, and the armature to rotate with the

converter shaft. In this case the armature coils are con-

nected in the leads from the sliprings to the tappings of

the converter armature.

The pressure induced in the booster armature windings
can thus be added to, or subtracted fromthe supplypressure,

according to the direction of the booster field excitation.

The booster field must obviously have the same number of

poles as the converter field, as both afrmatures run at the

same speed.

Various arrangements of field excitation are used, such

as shunt from the c.c. side of the converter, series, or com-

pound.
Booster field shunt circuits are provided with a regulator

and in some cases a reversing switch, so that the boost

pressure may be varied or reversed as required. For
hand regulation the converter and booster field circuits-

may be entirely separate, or, in addition to the shunt

winding on the converter poles, there may be an auxiliary

winding connected in series with the booster field circuit,

so that the boost and converter pressures are varied

simultaneously.

For compounding, tlie booster field may have a series

winding carrying the c.c. load current, so as to vary the

impressed pressure with the load, in which case hand

regulation of the converter field is required in addition.

Alternatively, both field systems may have a compound
winding so that both pressures are varied automatically
with the load. By hand regulation of both fields the
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commutator pressure may be varied at will and the power
factor adjusted to any value.

The practicable range of pressure control with, the

synchronous booster is about 12 per cent, above or below

normal, or 25 per cent, total, limiting factors being the

effect which boosting has upon commutation and armature

heating.

"When the booster is in operation it is being driven by
the converter, which transforms part of the electrical

input into mechanical form to meet the load imposed

by the booster. The power required to drive the booster

is equal to the work done in raising the pressure to the

converter, so that what the booster receives in mechanical

form from the converter is given back to it electrically.

The input to the converter is therefore equal to the c.c.

load plus the watts added by the booster, the latter

quantity providing the motoring torque required to drive

the booster.

The foregoing applies to the conditions when the

slipring pressure is being raised, i.e. the boost is positive.

When the boost is against the impressed pressure the

conditions are reversed, the pressure induced by the

booster being in opposition to the current, and the booster

therefore operating as a motor. The result of this is that

power is transmitted mechanically from the booster to

the converter, where it is again transformed and reappears
in electrical form at the commutator as part of the c.c.

output.
The electrical input to the converter is thus reduced by

the amount transformed into mechanical energy by the

booster.

To sum up, when the boost is positive the converter

input is wholly electrical and the output partly electrical

and partly mechanical, while when the boost is negative
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the converter input is partly mechanical and partly
electrical and its output wholly electrical. In addition

to its duty as rotary converter the machine may be con-

sidered to operate as motor in the former case and as c.c.

generator in the latter.

The resultant armature current therefore has a pre-

ponderating motoring or generating effect, and a cross

flux arises which tends to distort the main field flux in

one direction or the other, according to which of the

above-mentioned conditions exists.

The effect of this is to vary the flux in the commutating
region and so cause sparking at the brushes. This may be

to some extent overcome by providing the interpoles with

an auxiliary winding which is connected in series with the

booster field circuit, its effect assisting or opposing that

of the main interpole winding in varying degrees, according
to the direction and amount of the boost.

When boosting is positive the interpoles, which are

always of the same sign as the next poles ahead, have

added to them the cross m.m.f. of the armature, which

when the electrical input exceeds the electrical output,
will produce poles in the armature of the same sign as

the field poles behind them. The interpoles and their

associated armature poles are therefore of opposite sign

and the flux is increased.

The auxiliary winding is connected in such a manner as

to reduce the interpole m.m.f. when the booster field is

excited in the direction for positive boosting, the effect

of the armature m.m.f. being thereby neutralised. When
the booster field current is reversed for negative boosting
the auxiliary excitation of the interpoles is reversed also

and therefore assists the main winding, so compensating
for the opposing effect of the armature m.m.f. which arises

from the excess of electrical output over input.
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The want of balance between electrical input and

output when boosting also increases the R.M.S. value of

the resultant armature current, with consequent increase

of the armature heating for a given output with boost.

The position of the booster field poles with reference

to those of the converter is of importance, as in order

to get the maximum effect of the boost pressure it is

necessary that it should always be in phase with the
/ v JL

impressed pressure.

When the load on the converter is increased the armature

drops slightly behind its former position relative to the

supply pressure, as was explained when dealing with the

synchronous motor.

This means that the armature tappings reach the

position of TnaxrmnTn pressure later than the occurrence

of the impressed pressure mayrmiTm, by an increasing

degree as the load becomes greater.

The booster armature being rigidly coupled to the

converter is affected similarly, and the boost pressure will

lag by a corresponding amount.

The pressure at the sliprings will no longer be that of

the supply plus or minus boost, but the resultant of the

two with a phase angle of more than zero and less than

180 degrees. Such resultant would therefore be less than

their sum with positive boost, and greater than their

difference with negative boost, thus requiring a wider

range of excitation for a given range of pressure variation.

In some machines the booster field magnets are

arranged so that they may be rotated a certain distance

by hand wheel and screw gear, and the boost pressure

thereby adjusted so as to be in step with the impressed

pressure, its value then being directly added or subtracted.



CHAPTER X

METHODS OF STARTING

STARTING operations for rotary converters involve two

main considerations, the actual starting from rest, and

bringing up to full speed, and paralleling with both c.c.

and a.c. systems. To parallel on the c.c. side, the chief

essential is that the machine pressure shall be equal to

that of the system to which it is to be connected, while

on the a.c. side not only is an approximation to this

condition necessary, but the frequency of the machine

and supply pressures must be equal, and the two must be

in phase opposition, before the armature is directly con-

nected to the supply.
The starting may be carried out from either side, as

most convenient having regard to local conditions. Where
the conversion is from a.c. to c.c. only, the starting is

usually from the a.c. side, while when inverted running is

required, c.c. starting may be provided. Where several

converters are installed on one site and required to run

either straight or inverted, the starting arrangements

may be divided, some machines having a.c., and others

c.c. starting ; abnormal conditions being thus provided for.

C.C. STARTING

In c.c. starting the converter is used as a motor, a

suitable starter being used to enable the machine to be

1U7
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brought up to speed, after which the final adjustment of

speed is made by field regulation until synchronism is

obtained. Commonly, starters for this purpose are of

the multiple switch type, where the steps of the resistance

are cut out by closing a 'number of knife switches in

succession, interlocking being fitted to ensure that the

circuit-breaker controlling the starting may not be closed

unless all resistance is in (switches open), and further,

that the switches can only be closed in their proper
order.

Where the synchronising switch is on the high-pressure

side of the transformers the low-pressure switches must

be open for c.c. starting ; otherwise the armature would

be practically short-circuited by the transformer secondary

windings, and a very heavy current would be required for

starting. These switches may be closed as the machine

nears its full speed. With compound wound converters

the series field winding must be cut out at starting, to

prevent the weakening of the field which would be caused

by the current being in the opposite direction, when

motoring, to that when generating.

While it is not absolutely essential that the machine

pressure should equal that of the supply when syn-

chronising, yet the more nearly tin's is so the less dis-

turbance will be created when switching in.

The speed of the machine as a c.c. motor depending
on the field strength, it may occur that the flux which

gives synchronous speed gives a value of the generated

pressure different to that of the a.c. supply. When such

difference exists more or less current will flow when the

synchronising switch is closed, and this will lag or lead

according to whether the machine or the supply pressure
is the greater. The flux will be reduced or increased

correspondingly by the armature reaction, and the speed
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fluctuating, exchanges of power -will take place between

the two systems with more or less disturbance.

To prevent this, arrangements are, usually made for

the c.c. circuit-breaker to open just before the a.c. switch

gets home, by means of a small trip switch operated by
the latter. This is not required for converters fitted with

a synchronous booster or an induction regulator, as in

these the terminal pressure on the a.c. side may be adjusted
without affecting the speed.

Manual Synchronising. With reference to manual

synchronising the following may be noted. When the

machine is running at a speed slightly above that of

synchronism its pressure will approach, pass through,
and recede from opposition with the supply, going then

through incidence and repeating this cycle of relationships
at a low rate. Just before reaching opposition the machine

will be lagging from the supply, while after passing

opposition it will be leading.

If the switch is closed before opposition is reached,

current will flow, and the incoming machine being lagging
will be subjected to a motoring torque. Already running
above normal speed it will tend to accelerate further and

so pass through opposition at an increased rate, and now

leading will act as a generator delivering power to the rest.

of the system, the consequent load torque then reducing
the speed to its correct value.

When the switch i closed afc the exact instant of

phase opposition, no current flows (assuming the pres-

sures equal) but the machine pressure will continue

to advance in phase owing to the higher upeed, so

bringing load on until the speed is checked. It will

be obvious, however, that the disturbance will be less

in this case than in the former, where power is first

taken from the rest of the system and then returned,
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with, the additional disadvantage of the higher speed at

phase opposition.

. "When the switch is closed after phase opposition has

been passed the shock is more violent the further the

machine pressure has advanced, and the load picked up

may cause the speed to drop below the proper value,

with consequent oscillation of power between the machine

and the system.
The same line of reasoning may be applied to switching

in when the speed is below that of synchronism. When

approaching phase opposition under these conditions the

machine will be leading, and if the switch is closed too soon

the current which flows produces a load torque, thus

reducing the speed still further. The greater difference

in the speed at ezact opposition will necessitate a larger

input of power, as the machine begins to lag, to bring it

to synchronous speed, than if the switch were closed at

the instant of opposition.

In each case, then, closing the switch before exact

synchronism is reached causes an increase in the amount

by which the speed of the incoming machine differs from

that of synchronism.
It may be necessary, with some types of remotely con-

trolled, or heavy manually operated synchronising switches,

to commence the closing movement sooner in order that

the actual connection may be made at the correct instant

of synchronism. This, however, does not justify the

statement sometimes met with, that the switch should

be closed "before synchronism is reached, which, as will

be seen, will not bear examination.

A.O. STARTING

There are several methods in use for starting up from

the a.c. side, either by means of an auxiliary, or
"
pony

'*
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motor, or by having the converter itself designed for

self-starting.

Auxiliary motor starting methods may be divided into

two groups, manual synchronising, and self-synchronising,

while self-starting converters are always self-synchron-

ising.

With the self-synchronising methods now in use starting

may be effected rapidly and simply, no skill being required
on the part of the operator beyond the knowledge of the

correct sequence of switching movements, these also being
reduced to aT"

The Induction Motor. As auxiliary motors are of the

induction type, while the self-starting converter also

operates as an induction motor when starting, a short

description of this type of motor is given to enable the

reader to understand the principles involved.

The stator of the induction motor is in the form of a

laminated, hollow, cylindrical iron core, having coils

wound in slots in its inner surface. These coils are so

connected to a polyphase a.c. supply that the currents in

them produce a rotating flux.

The rotor in its simplest form is a solid iron or steel

drum which when placed inside the stator, so as to. bo

traversed by the rotating flux, has e.m.fs. induced in it,

these causing currents which circulate in the mass.

These currents react with the flux in such a way
as to produce a motoring torque on the rotor, which

in acting, in its various party, as the curront-c-iirrying

conductor.

A development of the foregoing, which may perhaps

be more easily understood, is the squirrel-cage rotor, in

which a number of bar conductors are embedded in slots

in a laminated core, all their ends being joined together

on each side, so that the winding somewhat resembles the
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wheel used for tame squirrels or white mice to exercise

in, hence its name.

When the flux rotates about such a winding e.m.fs.

are induced in opposite directions in bars diametrically

opposite (with a two-pole field), and currents circulate

through these bars via the end connections.

The result is that the bars are urged to move by the

interaction between the current and the flux, and the

rotor is subjected to a torque in the direction of rotation

of the flux.

On starting from rest the rate of cutting the bars by the

flux is reduced and the induced e.m.f . thereupon falls off.

The speed will rise until the e.m.f. induced is of no

greater value than is required to produce sufiicient current

for the torque necessary to overcome the mechanical

resistances to rotation.

If the notation were at synchronous speed the bars

would be moving at the same rate as the flux and no

effect would be produced in the rotor, a state of affairs

impossible of attainment in practice.

The rotor therefore runs at some speed less than that of

synchronism, the amount by which it falls short of the

latter being known as the slip and varying with the load.

The greater the load on the motor the larger the rotor

current required to maintain rotation, so that greater

slip is necessary to produce the correct rate of cutting
the flux for the e.m.f. required.

To improve the characteristics of the motor, the rotor

winding may consist of coils, three for a two-pole stator

winding, the coils being joined in parallel and the current

flowing by the common junctions.

By bringing out one end of each coil to separate slip-

rings the rotating field will produce three-phase pressures
between the sliprings.
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The relative movement between the rotating flux and

the coils being the slip, the frequency of the slipring

pressures will equal the slip revolutions per second, multi-

plied by the number of pairs of poles in the stator.

The brushes on the sliprings are connected to three

resistances which have a sliding bridge contact member
which connects all three. By moving this bridge along,
the amount of resistance in the rotor circuits may be

varied as required, the currents circulating via the coils,

resistances, and the common junctions.

For a given speed of the rotor there will be a certain

e.m.f. induced in its coils, so that by varying the resistance

in the rotor circuits the speed may be regulated.

For example, if when running at a certain speed the

resistance is increased, the current and consequently the

torque is reduced, and the speed wiU fall until the greater
rate of slip increases the e.m.f. induced to such a value as

will produce the necessary current.

Induction motor stators may be wound so as to produce
one or more pairs of poles in the field when, of course, the

speed of the rotating flux falls in proportion to such number
of pairs, exactly as in the synchronous machine.

The rotor will also have a corresponding number of

coils, those two pole pitches apart being joined in parallel,

thus forming three groups.

Induction Motor starting, Manual Synchronising.
As it is impossible for an induction motor to run at the

synchronous speed of the flux, it would, if having the same

number of poles as the converter it is intended to start, bo

unable to bring the latter to full speed.

To overcome this difficulty the auxiliary motor is made
with one pair of poles less than the converter, and thus

has a higher speed. When the slipring type is used the

speed may be adjusted for syucliroiusing by regulating
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the rotor resistances. With, squirrel-cage or solid rotors

such speed regulation is not available and means are

therefore provided for imposing an artificial load on the

motor by loading the converter electrically.

This takes the form of a resistance connected between

the a.c. terminals of the converter and capable of being
varied by a rheostat. The converter set becomes virtually

a motor-generator, and by varying the loading current

by the rheostat the speed of the motor may be adjusted

as required.

As a rule only a few steps are provided on the loading

rheostat, and the common practice is to keep the regulator

arm in a position found by trial to be the nearest correct,

final adjustment .to exact speed being brought about by
varying the converter field and with it the pressure acting
on the loading resistance.

In manual synchronising, auxiliary motor starting, the

converter is simply run up to speed by the motor and

synchronised by the operator, after which the starting

switch is opened, cutting off the supply to the motor, the

rotor of which then runs idly.

A switch is also provided to enable the loading resistance

to be disconnected when synchronising is completed.



CHAPTEK XI

METHODS OF STARTING continued

SELF-SYTSTOHEONISING METHODS

Effect of connecting Alternators having Unequal Fre-

quencies. Self-synchronising methods depend, in general,

on the fact that two alternators when connected in

parallel will endeavour to place themselves so that their

respective pressures are in opposition, and will maintain

this relation automatically.

This tendency exists even when their frequencies are

unequal, the two machines being subjected to alternating

torques, these torques being displaced so that when one

machine is generating the other is motoring. To see the

reason for this let us look at the conditions by means of

vectors.

Two vectors representing alternating pressures are

stationary with respect to each other only while their

frequencies remain equal. Any change in the frequency

of one of the pressures causes its vector to change its position

in a forwards or backwards direction, according to whether

the frequency increases or decreases.

The two pressures willthen becompleting theirrespective

cycles in unequal times, with the consequence that one of

them will gain upon the other at a rate dependent on the

difference between the frequencies. For example, if of

145 L
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two 50 cycle frequencies one is increased to 60 cycles, this

will now gain one-fifth of a cycle on the other for each cycle

completed by the latter, one going through 6 cycles and the

other 5 cycles in the same time, viz. one-tenth of a second.

Of their vectors, one may be considered stationary

while the other rotates about their common point at the

rate of ten revolutions or cycles per second. If the 50 cycle

vector is taken as the stationary one, the other will rotate

forwards (anti-clockwise), while if the 60 cycle vector is

stationary the rotation of the 50 cycle vector will be back-

wards. The two pressures will be in opposition at intervals

of one-tenth of a second, passing through incidence midway
between these instants, one having completed three cycles

from opposition and the other only two and a hah* cycles.

"When the difference between the frequencies is constant

the speed of the rotating vector will remain constant, but

if one frequency is continually changing with respect to the

other, the rotational speed of the vector will also be con-

tinually changing.
It may help the reader to grasp these ideas better

'

if we translate them into physical relationships by consider-

ing the relative positions of two armatures producing the

pressures.

When their speeds and frequencies are equal correspond-

ing points on each armature will occupy the same relative

positions at every instant, and may therefore be said to be

stationary with respect to each other. Increasing the speed
of one causes it to advance relatively to the other by com-

pleting each revolution in a shorter time.

Frequencies of 50 and 60 cycles correspond (with a

two-pole field) to speeds of 50 and 60 revolutions per second,
so that while one armature has done 50 revolutions, the

other will have done 60, thus gaining 10 revolutions in

one second, or 1 revolution in one-tenth of a second.
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If the two armatures were running aide by side with

their shafts in line and we imagine an observer on each,

the position of each observer will remain unchanged, from

the point of view of the other, while the speeds are equal.

With the different speeds mentioned above the observer

on the slower of the two will see his colleague pass him ten

times per second going forwards, while the latter will see

the first pass him an equal number of times, but backwards.

From this it will be seen that the representation of two

pressures of different frequencies by two vectors, one

stationary and the other revolving, gives a true picture of

the facts.

In these circumstances the pressures are alternately

leading and lagging from opposition with each other and

consequently, as already stated, each machine is acting
as motor and generator in turn, and being accelerated and

retarded accordingly. It will be found convenient to con-

sider the whole of these effects as occurring in the incoming
machine only, the other being assumed as a supply system

large enough to be unaffected thereby.

The effect of this alternating torque on the incoming
machine is such that when the pressures are approaching

opposition the difference in the frequencies tends to increase,

while after passing opposition the difference is reduced.

This is illustrated in Fig. 41, where the moving vector is

distinguished by the arrow crossing its free end. In () the

pressures are approaching opposition and E2) already the

faster of the two, is subjected to a motoring or accelerating

torque, as shown by the broken-line arrow. In (b) E2 has

passed opposition and is being retarded by a load torque.

The effect of the incoming machine having a lower

frequency than the supply may be seen by reversing the

arrows indicating the direction of motion of the vector.

The torque arrows will be unchanged, and the same result
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as before is obtained, the difference between the frequencies

is increased when approaching opposition, and decreased

when receding therefrom.

This is seen to be in confirmation of the explanation

given in the preceding chapter of the effect of closing the

synchronising switch before the exact instant of synchronism
is reached.

Fig. 41.

If the period of time during which the synchronising

torque is operating is long enough, having regard to the

value of the torque and the rotating mass to be acted upon,
the change in the speed will be such that the machine will

cbop into step. If the difference in the speeds is too great,

the time available is too short for the required change to be

fully brought about, and the incoming machine will continue
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to run at a speed which will fluctuate about a mean value,

by virtue of the alternating torque.
Resultant of Two Pressures of Different Frequencies.

The resultant of two pressure waves of different fre-

quencies has a wave form the maximum value of which
is continually changing, being equal to the sum of the two
fundamentals when these are in incidence, and to their

difference when they are in opposition.
It is these variations which are shown by the

synchronising lamps used when paralleling alternators,

as described in Chapter VII. The rate of occurrence of the

dark periods will be equal to the difference between the two

frequencies, each bright period being made up of a number
of cycles of a wave which has a varying amplitude and

frequency.

The wave form resulting from two pressures of different

frequencies is known as a heterodyne, of which the
"
beat

"

frequency, or rate of occurrence of the maximum ampli-

tudes, is equal to the difference between the fundamental

frequencies.

If the incoming machine was switched in when near

synchronous speed and left to pull into step, such heavy
currents would flow under the influence of the heterodyne
as would cause serious disturbance to the rest of the system,
as well as the possibility of damage to the windings of the

machine itself. In self-synchronising methods of parallel-

ing rotary converters, therefore, the object is to restrict the

effect of the two pressures to some extent, so an to prevent
undue disturbance, while at the same time allowing of

sufficient current to pull the machine into step.

TAP-STARTING

In the method now to be explained the converter

in used as an induction motor for the time being when
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starting, and its armature is therefore connected to the

supply at the commencement, but the field circuit is

broken by leaving the field switch open, so that no e.m.f .

is induced in the armature as the speed rises. There is

thus only the impressed pressure (which is reduced from that

of the supply) present in the circuit until a selected moment,
when the field switch is closed and the generated pressure

appears, the synchronising action thereupon taking

place.

The reduction of the supplypressure spoken of is obtained

by means of special tappings to the transformer windings.

These are arranged to give one or two intermediate steps

before full pressure is applied, so keeping the value of the

starting current within safe limits. Where there is only
one intermediate step this may give about one-third, and

with two steps one-quarter and two-thirds of full pressure..

Tap-starting is the general name given to this method of

starting synchronous machines.

"When the polyphase supply is switched on to the con-

verter armature, the currents set up a rotating flux therein,

the direction of which will be opposite to that of the normal

rotation of the armature. The damper winding fitted to the

field poles of the rotary converter, if made continuous round

the field system, is in effect similar to the squirrel-cage

winding of the rotor of an induction motor. The rotating
flux cuts the damper bars and induces e.m.fs. therein,

which produce currents in exactly the same way.
The squirrel-cage being fixed in this instance, the torque

developed between the armature flux and the squirrel-cage
currents causes rotation of the armature itself, the motion

being in the direction tending to reduce the relative speed
between flux and conductors, or opposite to the rotating
flux.

The converter will therefore run up to a certain speed
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which gives a slip suitable for the torque required, as in the

normal induction motor. The flux will stall be rotating
backwards round the armature at synchronous speed, but

owing to the forward motion of the armature at a somewhat
lower rate, the actual speed of the flux with respect to the

clamper winding will be equal to the difference between

armature and synchronous speeds, this being the slip speed.

Clearly the machine will be unable to attain any higher

speed unless the conditions are modified in some way or

other, but before going on to the question of how this is

done, we may glance at the reason for certain precautions
which have to be taken with tap-started converters.

Alternating E.M.Fs. induced in Field Windings.
As the rotating flux sweeps round the field system any
residual flux in the main field poles is destroyed, and in its

stead the magnets will be traversed by a flux which

alternates in direction.

This alternating flux, linking with the field coils will

induce e.m.fs, which, as the coUs are connected in series,

may result in a total pressure of a very high value, imposing
severe stresses on the insulation of the coils. The field

circuit is, therefore, preferably broken in several places by
a multiple switch, so as to isolate each coil. The effect is

most pronounced at first switching on the supply, owing to

the high speed of the rotating flux. As the armature speed

rises, the speed of the flux, and also its frequency in the

stationary field poles, is reduced, and the e.m.f. induced in

the field windings becomes less by reason of the lower rate

of change of the flux.

Another effect which has to be guarded against is

due to the self-induction of the armature coils. In

those coils which are short-circuited by the commutator

brushes, the opposing e.m.f. of self-induction produced

by the alternating current has the effect of shunting the
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current through the brush. As a result of this, when
the armature is in motion, the sudden change of the

current round any coil to full value as it leaves a brush

causes a big increase in the self-induced e.m.f . and sparking
occurs from the commutator bars to the brushes. This

is particularly noticeable when first switching on the supply
and when changing from one set of tappings to another

while running up, on account of the relatively large currents

which flow at these times. To avoid this sparking, tap-

atarted converters frequently have gear fitted for raising

the commutator brushes during the starting operation.

Alternating Pressure on Commutator. When the

converter is running as an induction motor at a speed less

than synchronism there will be alternating pressures

between points 180 degrees apart on the commutator,
these pressures being caused by the movement of the

rotating flux across the armature conductors.

At all speeds of the armature the relative motion

between the flux and the conductors is the same, the flux

always rotating backwards round the armature at syn-
chronous speed. There is consequently an e.m.f. induced

in the conductors which has the same frequency as the

supply, and this will be so at all speeds of the armature,

the rotation of which merely varies the speed of the flux

with respect to the ground.
Between points on the commutator 180 degrees apart,

then, there will be alternating pressures having the same

frequency as the supply, and when the armature is

stationary these pressures will appear between adjacent
sets of commutator brushes with the same frequency.

When the armature is rotating, however, the speed of

the flux and consequently of the induced pressures in the

conductors, while still at synchronous rate round the

armature is reduced with respect to the stationary com-
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imitator brushes. The pressure between the latter -will

therefore have a lower frequency, this being, in fact,

equal to the differencebetween the supply frequency and

that corresponding to the rotational speed of the armature.

For example, with an eight-pole machine and a supply

frequency of 50 cycles, the speed of the flux will be 750

revs, per minute, or 12*5 per second. If the armature is

rotating forwards at one rev. per second the actual speed
of the flux with respect to the brushes will be 11 '5 revs,

per second, and the field having four pairs of poles the

frequency at these brushes will be four cycles per rev., or

46 per second.

This is the frequency of the slip, or the product of

the slip speed in revs, per second and the number of pairs

of poles.

When the armature is stationary the slip is equal to

the supply frequency, while with the armature at syn-

chronous speed the slip is zero and the pressure at the

commutator brushes will be constant in value, that is,

a continuous pressure.

It is to be observed that these pressures are due to the

self-induction of the armature winding, being produced by
the flux set up by the currents therein, and as such they

will be 180 degrees out of phase with the supply pressure,

or in opposition.

It follows, then, that when the pressure impressed to a

pair of 180 degree tappings reaches maximum, the pressure

between those commutator bars at the other euds of

the coils to which the tappings are made will be maximum
also. If the occurrence of impressed maximum coincides

with the arrival of the tapping coils at the brush position,

this maximum will appear at the brushes, which will be

of the same sign at that instant as their associated tappingH.

For example, at such an instant the tapping which is of
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positive sign, the pressure being into the armature, will

have the self-induced armature pressure in opposition,
that is, out of the armature, and the corresponding
Commutator brush will therefore be positive also.

If the armature is running below synchronous speed,

the tappings will have travelled less than 360 degrees
when next maximum occurs in the same direction, so that

by the time they get to the brush position the pressure
will be less than before. After one quarter of a slip cycle
the tappings will be equidistant from the brushes at

impressed maximum., and the pressure at the brushes

will be zero. A further quarter of a slip cycle will bring

the tappings again to the brush positions when mayi'miTm

in the direction first considered occurs. Now, however,

the tappings have slipped 180 degrees, or one pole pitch,

so that although the same tapping is positive again at this

instant, its coil is now under the other brush, that is, the

signs of the commutator brushes are reversed.

Self-synchronising. Two brushes of different sign

having been left down on the commutator for the purpose,
a voltmeter connected to the terminals of the machine

will show by the oscillations of its pointer the frequency
of the pressure at the commutator, and therefore the

amount of the slip. This voltmeter is of a type, such aa

the moving coil instrument, which shows the direction of

the pressure as well as its value, and with a scale reading
either way from a central zero.

At first, the slip frequency being high, the moving

parts are unable to follow the rapid fluctuations of the

pressure, but as the slip becomes less the pointer begins
to oscillate about the zero mark. At the highest speed
of the machine the swings will occur at a low rate and

equally in each direction, the maximum reading either way
indicating that 180 degree tappings have arrived at the
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brush positions at the same time as the occurrence of

maximum impressed pressure.

At each of these instants the armature is in a position
correct for synchronism, so that if the field connections

are correct, the closing of the field switch will produce a

flux which will induce in the armature pressures in the same
direction as those self-induced, that is, in opposition to

the impressed pressures.

The frequency of this generated pressure depends on

the speed of the armature, and will, of course, be lower

than that of the supply. It will, therefore, drop behind

from phase opposition and the resultant thereupon arising

will produce a motoring current which, if the difference of

speed is not too great, will accelerate the armature into

synchronism.
At each of the two instants indicated by opposite

swings of the voltmeter the same arrangements of field

connections will give the required polarity to the field

magnets.
This arises from the following considerations.

The direction of induced pressure required iu any
conductor is the same in each case, as the direction of

impressed pressure is the same in each case.

The conductors, however, will occupy different positions

at each of the two instants, these positions being separated

by one pole pitch, therefore, if the field were constantly

excited, they would be under poles of opposite sign at the

different times we are considering.

The field circuit is energised from the commutator

brushes, however, and we have seen that these change
their signs for each half-cycle of slip. The field current

will therefore be reversed to correspond, and consequently
at each successive instant of synchronism any conductor

will be under a pole of the same sign.
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If the machine is run up with the field switch closed

the reversals of field polarity at each half slip cycle will

be brought about automatically by the reversals of pressure

at the commutator.

Phase opposition between generated and impressed

pressures will then occur twice per slip cycle and the

armature will be subjected to an alternating torque, retard-

ing as opposition is approached and accelerating as this is

receded from. This torque will be superimposed on the

induction motor torque until finally the change of speed

produced during the acceleration period will be sufficient

to bring it up to synchronous rate and the machine will

be pulled into step with the supply. This it will do, from

the nature of things, with perfect indifference to the

direction of pressure at the commutator, this depending
on the particular half of the slip cycle during which

synchronism has been reached.

It is, however, necessary that a certain definite direction

of pressure is obtained in order to allow of the machine

being paralleled with other plant on the c.c. side. In

practice, therefore, the field switch is kept open until the

machine is at its maximum speed, i.e. the voltmeter

oscillations at their lowest rate.

As the pointer reaches its maximum reading in the

desired direction, indicating correct c.c. polarity, the field

switch is closed and the generated pressure builds up, the

machine then pulling into step.

Clearly, the higher the speed reached as an induction

motor, the less effort will be required to bring the speed
to synchronous value, and the smaller will be the current

for the power input necessary to do this.

For this reason, as well as to reduce the starting current

required, some makers fit tap-started converters with

ball or roller bearings, which with their small frictional
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losses, have the double advantage of enabling the machine

to run with smaller slip and of reducing the power required
to bring about the change of speed when synchronising.

Synchronising with Wrong C.C. Polarity. It may
occur that owing to delay in closing the field switch, the

field has not time to build up sufficiently to pull the

machine into step at once, and either one of two things

may happen. The generated pressure is constant in

direction at the brushes whereas the self-induced pressure

will reverse as the slip continues. If the former is greater

than the latter actual reversal of the resultant pressure at

the commutator will be prevented, while if the converse

holds the pressure will reverse and the machine will pull

into step with incorrect polarity.

With the first of these the generated and impressed

pressures will go through phase incidence, and a heavy
current will flow, with oscillations of power from and to

the rest of the system as the machine passes through
incidence to opposition once more and finally pulls into

step. Obviously this is a state of affairs to be avoided,

if possible, by correct closing of the field switch.

If incorrect polarity is obtained this may sometimes be

remedied by opening the field switch once more, when

synchronism may be lost and induction motor running

be resumed, another attempt then being made.

Often, however, with the reduction of the generated

pressure consequent on breaking the field circuit, the

current will lag sufficiently to maintain a flux strong enough
to keep the machine in synchronism.

It will then run on as a synchronous motor, the residual

flux being augmented by the magnetising component of

the armature current.

To provide for this, the field switch is usually arranged

for double-throw operation, so as to reverse the connections
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to the field circuit. When synchronism with incorrect

polarity occurs this switch is thrown over, so reversing

the field current, the flux thereupon falls to zero and the

armature begins slipping once more. The conditions are

now as when first running up, with the important difference

that the field connections are reversed. Thus when the

tappings coincide with the brush positions at impressed

maximum the direction of the field current will be such

as to create a flux which will induce a pressure in the same

direction as that impressed. This generated pressure,

however, is opposite to that of self-induction, so that any

attempt of the field to build up is neutralised by the

opposing pressure induced thereby. The same thing

occurs at each half-cycle of slip, so that while the field

connections are reversed the machine cannot pull into

step.

After the field is reversed, then, and synchronism is

lost, the switch must be brought to the open position

again and the next swing of the voltmeter in the required

direction awaited. The operation of correcting the polarity

in this manner is known as
"
slipping a pole," from the fact

that when it is done, a given point on the armature drops
back one pole pitch relatively to a similar point on a

synchronously running armature. Actually, however,

any odd number of poles may be slipped, this depending
on the number of slip cycles which elapse between losing

and regaining synchronism. Slipping an even number
of poles would result in incorrect polarity again.

It should be observed that the real function of the

reversing switch is not to reverse the c.c. polarity, but

only to Mil the field flux to ensure synchronism being lost.

Changing to Full Pressure Tappings. When the

converter has pulled into step, as indicated by the c.c.

voltmeter remaining steady in the proper direction, the
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supply may be changed over from the low-pressure tappings
to full pressure. In making the change it is necessary

that the low-pressure connections should be broken before

the full pressure connections are made, to avoid the sections

of the. transformer windings between the tappings being
short-circuited by the switches.

This means that for a brief space of time the con-

verter is disconnected from the supply, and if the operation
were unduly prolonged synchronism would be lost by the

machine slowing down. To prevent this the change over

should be carried out as speedily as possible, and where

independent switches are used it devolves on the operator
to make the movements in the proper order and without

delay.

Modern arrangements take the form of switches so

connected mechanically that one movement of an operating
lever opens and closes the connections in their correct

sequence, while any hesitation or delay is met by the lever

becoming locked in the intermediate or
"
off

"
position,

whence it can only be moved to the low-pressure or
"
starting

"
position, thus preventing the

"
running

"

position being gained after the machine has had time to

lose synchronism.
After lowering the remainder of the commutator

brushes the converter is ready for paralleling on the c.c.

aide.



CHAPTER XII

METHODS OF STARTING continued

AUXILIARY MOTOR WITH SERIES REACTANCES,

IN this method a separate starting motor is used to

bring the converter up to speed, after which, the slip-

rings are connected to the supply with reactance coils in

series to limit the current in the circuit while the machine

is synchronising.
A simple diagram of the connections is given in Fig. 42,

where, to avoid confusion, only those to two 180 degree

tappings are shown, the machine being assumed as of six

The method of transformer connections known as dia-

metrical is used (see Chapter XTV.), in which the six phases
at the converter are derived from three entirely independent

windings at the transformer. The machine is thus supplied

by three single-phase circuits, one of which is shown in

the diagram, and the other two, identical in arrangement,
indicated by the numbering of the various connections

to switches, etc. As will be seen from Fig. 42, a switch is

provided in one lead of each pair, these being combined
into a three-pole switch. When this is open each of the

circuits is broken and no current can flow.

When the supply is switched on to the primary windings
of the transformer the secondary pressure will appear on

160
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the a.c. voltmeter SV -which, is connected across the break

in the secondary circuit at the main switch. On closing

the starting switch the motor begins to run the converter

up, and the field circuit of the latter being closed it begins
to generate its own pressure, which will be indicated on

the c.c. voltmeter, connected in the usual manner.

There will now be two pressures of different frequencies
in the circuit formed by the transformer secondary and the

converter armature, and their resultant will be shown by
SV pulsating at a rate equal to the difference in the fre-

quencies. The actual current in this circuit will be

negligible, being only the very small one taken by the

voltmeter, the effect on the commutator pressure will

therefore be nil and the c.c. voltmeter will rise steadily

as the generated pressure builds up.
As the converter frequency increases with the rising

speed the beats of the resultant pressure will get slower,

the instants of opposition and incidence of the fundamentals

occurring at the minimum, and maximum readings respec-

tively, on the a.c. voltmeter. The starting motor, which

has one pair of poles less than the converter, is designed
with such slip that its maximum speed is somewhere about

synchronous speed for the converter, while the position of

the field regulator for starting, as found by the makers,

on test, allows the generated pressure to build up to n

certain value at the same time, usually about 100-15Q

volts on the c.c. voltmeter.

"When the specified figure is reached, and at a time when

the a.c. voltmeter, which is now pulsating slowly, is near

the lowest point of its swing, i.e. pressures approaching

opposition, the main switch is put into the intermediate

position, connecting the converter and the supply with the-

reactances in series. The two pressures still having slightly

different frequencies, will begin to depart from opposition
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once more and a current mil flow producing a synchronising

torque, thereby pulling the converter into step. The
current is kept within safe limits by the reactances, even
if synchronism should not be attained at once and the

pressures should pass through incidence.

"When the machine is in step the a.c. voltmeter falls

nearly to zero and remains steady. The main switch,
which has been prevented by a catch from being pushed
right home at one movement, is now drawn back slightly,
when the catch falls and the switch may be closed into

the running position, short-circuiting the reactances and

connecting the machine directly to the supply. The
main switch is sometimes arranged so that the final move-
ment operates a device which trips the starting switch ;

where this is not so done the starting switch is opened by
hand, and the converter is ready to be connected to the

c.c. bus-bars.

Failure to Synchronise. It may rarely happen that

the machine will fail to pull into step, as the result of some
item of the starting conditions not being in order. As
the causes of this are often not easily apparent to the

operator, it is convenient for him to be able to recognise
the condition should it arise, so that he may take action

for its remedy without undue loas of time.

Failure to synchronise is indicated by the a.c. and c.c.

voltmeters continuing to pulsate without slowing down,
after the main switch is put on to the choker contacts. If

the latter movement has been performed too soon, the speed
will be too low to allow of the synchronising torque bringing
the machine into step, and slipping continues. The start-

ing motor is then, in effect, acted on by two pressures of

different frequencies in parallel ;
itn torque therefore

falls off, and it may be unable to accelerate any further,

but will continue to run at a speed which is too low for
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synchronising. In these circumstances the converter

field should be weakened, thus reducing the generated

pressure, when the speed will be heard to rise, and the

pulsations of the voltmeters will slow down until the

machine pulls into step.

Wrong position of the field regulator giving too strong a

field, or a.c. supply pressure below normal, tend to cause

failure to synchronise with the converter below correct

speed.

On the other hand, if the field is too weak, or the supply

pressure is above normal, the machine may go above

synchronous speed and stay there, refusing to pull down

into step. The opposite procedure to the foregoing should

be followed in this event ; strengthen the field and the

speed will fall.

Reversal of Polarity. When the converter has been

connected to the a.c. supply with the reactances in series,

a pimilftT state of affairs exists on the commutator to that

described for the tap-started machine. The current in

the armature produces an alternating pressure at the

commutator brushes with slip frequency, and this is

modified by the continuous pressure generated by the

rotation of the armature conductors through the field.

If the continuous pressure is the greater of the two, their

resultant merely fluctuates, as shown on the c.c. voltmeter ;

but if the alternating pressure should be the greater, the

resultant at the commutator brushes will reverse and the

machine may pull into step with incorrect polarity.

A reversal of polarity may sometimes be prevented
when about to occur, by prompt handling of the field

regulator.

If, on putting the main switch on to the choker contacts,

foe c.c. voltmeter is seen to make a rapid swing towards

the zero of the scale a reversal is imminent, and the field
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should be strengthened as quickly as possible to build'

up the generated pressure. Should the reversal take place
in spite of this, the field should be weakened again to try
and prevent the machine prilling into step and to encourage
another reversal, afterwards being strengthened once more
to retain the correct polarity so obtained. This, which

perhaps reads as rather complicated, is in reality very

simple, when once the underlying principle is grasped,
and is a procedure which is actually put into practice in

a case within the author's own knowledge.
If the machine synchronises with wrong polarity it

should be switched out and allowed to come to a stand,

or nearly so, and then restarted with a weak field, so as

to induce another reversal. By keeping the generated

pressure down and closing the main switch on to the choker

contacts just before synchronous speed is reached, it should

be possible to get reversals at the commutator brushes,

when the correct polarity may be selected by strengthening
the field as the c.c. voltmeter is making a swing in the

required direction.

. When a reversal cannot be corrected in any other way,
a common practice is to stop the machine, lift and insulate-

the brushes from the commutator, and energise the field

from the bus-barn by closing the c.c. circuit-breakers and

switches, after which a fresh start is made. This method

is not to be recommended if it can bo avoided, us in the

absence of a discharge resistance between the terminals

of the field circuit, a severe strain is imposed on tho

insulation of the field coils by the e.m.f. of self-induction

when the circuit is broken again, many cases having
occurred of field coils breaking down on this account.

Normally, such things as failure to synchronise or

reversal of polarity should be rare, as the operator has

in his a.e. voltmeter a reliable indication of the difference
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between the generated and supply frequencies, and can

therefore select the most favourable moment for closing

the main switch, when, with the c.c. voltmeter well up,

the result should be certain.

When, however, things do not go ofE
"
according to

plan," such hints as the foregoing may be of assistance to

"him in finding a way out of the difficulty.

SERIES INDUCTION MOTOR STARTING, SELF-

SYNOHRONISENG

In this method separate reactances are not used, the

windings of the starting motor being connected in series

with the converter armature instead ; the arrangement
is shown in Kg. 43.

When the starting switch is closed the set runs up,

the starting current flowing through the windings of the

converter as well as those of the motor. The armature

fluxes produced by the current will be too weak to destroy
the residual fluz in the field magnets, and although the

field circuit is closed, the high inductance of the coils

prevents the alternating pressure on the commutator from

producing sufficient current to affect the residual flux.

The generated pressure, therefore, builds up in tho

proper direction and the actual pressure at the commutator
brushes will be the resultant of the generated pressure,
which is constant in direction, and the reactive- pressure
due to the starting current, which is alternating.

The generated pressure soon reaches a value which

prevents the reversal of the resultant, and thereafter the

latter simply pulsates while remaining constant in direction.

The variations of the pressure at the commutator brushes

are shown on the c.c. voltmeter, while the resultant of the

supply and generated pressures on the a.c. side is indicated
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by the a.c. voltmeter connected across the main switch

(see Kg. 43).

When near synchronous speed the armature will be

acted on by a synchronising torque in the usual way and

may pull into step without further delay.

It may occur, however, that the motor, which has one

pair of poles fewer than the converter, runs the set above

correct speed, the effect of the two pressures at different

frequencies then pulling the speed down again until

the machine synchronises, which is shown by the a.c.

voltmeter falling nearly to zero and becoming steady.

When the machine is in step the voltmeter will not go quite
to zero owing to the pressure drop across the starting

motor windings which are in parallel with the main switch,

while any difference between the values of converter and

supply pressures will give an increased reading on this

voltmeter. The field regulator should then be adjusted
until the rm'niTnnm reading is obtained, when the main

switch may be closed and the starting switch opened,
the machine then being ready for connecting to the c.c.

bus-bars. The starting position of the field
regulator

is

specified by the makers, and the machine should run

up and synchronise without this being disturbed.

Indicating lamps are often provided in parallel with

the a.c. voltmeter, and where this is done they must be

suitable for twice the normal supply pressure. The

voltmeter is then usually of a pattern reading up to 200

volts only, and provided with a plug to break the circuit,

this plug being kept out when starting. With this

arrangement, when the machine is being run up, the lamps
will light up and darken at a rate depending on the slip

frequency. When the lamps have ceased to go to their

full brilliancy and are out, or nearly so, the machine will

be in step. The c.c. voltmeter will probably be at the
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upper end of its scale, and the field should be reduced

until about the normal c.c. pressure is shown and the a.c.

lamps are out. The plug is then put in to bring the a.c.

voltmeter into use for the final adjustment between the-

pressures before closing the main switch.

The a.c. voltmeter plug should be removed as soon as

the main switch is closed, a dummy receptacle being pro-

vided to hold it when not in use. If the plug were left

in when starting, the voltmeter would have almost the full

supply pressure across its terminals at switching in, and

the voltmeter fuses would blow.

Failure to Synchronise. If the generated pressure

rises too quickly or the a.c. supply pressure is below normal,

the starting motor may be unable to bring the converter

to a speed from which it will synchronise : the remedy is

the same as in the series reactance arrangement, weaken

the field to allow the motor to speed up. Failing to

synchronise when above synchronous speed is not likely

to occur unless the generated pressure is abnormally low

or the supply pressure abnormally high ;
in such a case,

however, strengthening the field will bring the speed down.

It may occasionally happen when things have been going

normally, the machine having risen above synchronous

speed and pulling down again, that correct speed is passed

and failure below speed occurs. This is probably due

to the fact that the arrival at correct speed has coincided

with incidence of the pressures, while at the instants of

opposition preceding and following this the difference in

speed has been too great for the synchronising torque to

effect the required change. The converter being now

below correct speed, weaken the field to allow the motor

to speed up.

It should be observed that when the machine has failed

to pull into step, as shown by the c.c voltmeter dropping
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back with rapid pulsations, the starting motor is being

subjected to a pressure having a maximum value equal
to the sum of the generated and supply pressures, being in

.series with these instead of, as with separate reactances,

in parallel. This condition should be remedied without

loss of time, to avoid the overheating which would otherwise

occur in the motor.

The author has known of a case where a converter

with the series motor starting arrangement absolutely

refused to pull into step, possibly owing to the 3-phase

.supply being badly out of balance. Such an occurrence

must be extremely rare, but if met with and the machine

is urgently required in service, it is not really necessary
to give up and wait until conditions improve, provided
that other c.c. energy is available.

After miming up as far as possible with the starting

motor, the starting switch should be opened, the con-

tinuous pressure brought up, andthemachine paralleled and

switched on to the c.c. bus-bars while running on with its

own momentum. Time may be saved by preparing the

c.c. switchgear so as to leave as little to be done at the last

moment as possible. The machine may then be brought

up to speed as a c.c. motor by weakening the field, when
the relation between the slipring and supply pressures
will be indicated by the synchronising lamps and volt-

meter, and all will be in order for manual synchronising.
It would be advisable, when this is being done, to have a

second person at hand to trip the c.c. circuit breakers as

the main a.c. switch is being closed, to prevent interchange
of power between the two systems.

It is perhaps hardly necessary to say that such procedure
as the foregoing should only be carried out by persons who
-are thoroughly conversant with the principles involved,

after due consideration of all the circumstances.
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Reversal of Polarity. This may be caused by wrong

position of field regulator giving too weak a field, or by

high supply pressure. The c.c. voltmeter first rises in

the proper direction, and then after the pulsations have

slowed down, showing approach to synchronous speed,

the pointer goes to the wrong side of the zero, a reverse

reading scale of 100 volts being usually provided to enable

this movement to be clearly seen.

Modern practice is to arrange alternative supply to the

field circuit from the bus-bars by a change-over switch.

If reversal occurs the switch is put over immediately to the

bus-bar supply to energise the field correctly, and then

brought back to the running position when the voltmeter

reads in the proper direction.

Where this arrangement is not fitted, or other c.c.

energy is not available, the following procedure is some-

times effective.

"When reversal occurs allow the machine to pull into

step, i.e. synchronising lamps out, and then without

closing the main switch, weaken the field asmuch as possible.

If this can be carried far enough the starting motor will

pull the converter out of synchronism by raising the speed,

and the commutator pressure will reverse as the armature

slips a pole in the forward direction. When the c.c.

voltmeter reads in the proper direction the field should be

strengthened at once and the machine will pull into atop

with correct polarity.

If the field regulator has not sufficient range for this

method to be used, the machine should be shut down after

reversal has taken place, and re-started with the regulator

in a position to give a weak field. By keeping down the

generated pressure as the machine speeds up, the pressure

at the commutator brushes (the resultant of that generated
and the reactive pressiare due to the armature current)
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will alternate in direction, and when near synchronous

speed the alternations will be comparatively slow and will

be shown on the c.c. voltmeter. When at their slowest

rate and as the pointer is commencing a swing in the

required direction, the field should be rapidly strengthened,

when if the moment has been correctly chosen the pressure

will build up and the machine pull into step.

The rotating flux in the armature at starting is usually

too small to destroy the residual flux in the field magnets,
and reversal of pplarity almost invariably arises from the

generated pressure not fully counteracting the reactive

alternating pressure on the commutator. Strengthening
the field to assist the generated pressure if it shows signs

of failing to reach a safe value before synchronous speed ib

attained, will prevent reversal from this cause.

Modified Arrangements of Series Motor Starting.

For large machines the starting arrangements are some-

times slightly different to those just described, the starting

switch being of the double-throw type. In the first position

of this the motor circuit is independent of the converter

armature, thus avoiding the possibility of the starting

current demagnetising the field poles. When the set has

run up to speed the switch is changed over to the second

position, putting the motor windings in series with the

armature to enable the machine to synchronise.
In some cases the field switch is kept open until the c.c.

voltmeter indicates by its pulsations that the converter

is at synchronous speed, and then closed as the pointer
rises in the proper direction, so that the field builds up
correctly and the machine pulls into step with the right

polarity.

With another arrangement the set is run up with the

starting motor in series and the field switch open. When
at synchronous speed the main switch is closed on to
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intermediate contacts, connecting the supply to the

armature with resistances (known for some reason as
"
kicking coils ") in series, the field switch then being closed

as the c.c. voltmeter comes up in the right direction.

Series Motor with Same Number of Poles as Con-

verter. In the. latest development of the series motor

self-synchronising method of starting, the auxiliary motor

has the same number of poles as the converter, and has an

unwound rotor consisting of a solid cylinder of iron or

steel. The stator windings have tappings so that the

whole, or a part only, of the winding may be energised

by means of a double-throw switch.

With this switch in the starting position, the whole

winding is active, and the motor has a high starting torque
without an unduly large current in the supply circuit.

At its full speed under these conditions, however, the slip

is too great and the current too small to allow of pulling

into step. The switch is then put into the second position,

so cutting out a part of the motor winding, causing an in-

crease of the current, and with it, of the flux density.

A greater e.m.f. is now induced in the rotor, and the in-

creased current which results brings about a reduction of

the slip, that is, the speed is raised nearer to that of

synchronism. At the same time the synchronous torque
is increased by the larger current flowing through the

tirmature of the converter, which is thus enabled to pull

into step and remain so. The operation is completed by

closing the main switch when the continuous pressure lias

built up fully, and then opening the starting switch.

A change-over switch is provided in the field circuit,

BO that should the polarity become reversed, the field

connections may be reversed to kill the flux and cause the

machine to lose synchronism. The field switch is then

brought to the open position, and the set now running at
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the speed of the starting motor, or below synchronism,
the alternating pressure of slip frequencyAt the commutator

brushes is shown by the c.c. voltmeter. Correct polarity

is then obtained by closing the switch into the running

position as the voltmeter rises in the desired direction,

and the machine synchronises once more.



CHAPTER XIII

PARALLEL AND INVERTED RUNNING.
3-WIRE BALANCING

Converters in Parallel. As with c.c. generators, the

behaviour of rotary converters in parallel depends on the-

characteristics of the separate machines, each with its.

transformer and any auxiliary apparatus for pressure

variation being considered as a unit. These are matters-

which are outside the control of the operator, and in

general it may be said that converter sets which are to run

in parallel with each other are designed with similar

characteristics. The operator, however, is more nearly
concerned with the question of the division of load between

the machines and the adjusting of the power factors so as.

to get the best operating conditions with different loads.

In view of the many different arrangements which are

used for the purpose of obtaining variation of the pressure

generated by rotary converters, it would be an almost

endless task to attempt to enumerate the actions which

may take place with various combinations of these. The

reader will find that a thorough grasp of the principles

involved in methods of pressure variation will best help

him to understand what takes place with a given installa-

tion, as well as to form an idea of what to expect with an

arrangement of which he has had no previous experience.

Inference will therefore be made here only to the more
I7r>
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general aspects of parallel running, leaving the reader to

apply tlie knowledge gained elsewhere in this book to

particular requirements of any case he may have to deal

with.

On account of the various pressure drops in the equip-

ment, as in transformers, cables, and slipring and com-
mutator brushes, the rotary converter has a drooping

characteristic, this being, however, usually somewhat
flatter than that of the ordinaryshunt-wound c.c. generator.
In general, therefore, converters will run stably in parallel.

Machines may be made to carry equal or unequal

portions of the total load by variation of the pressure

.generated, and this will have its effect on the power
iactors according to the method of pressure control in use.

Plain shunt-wound machines will have their power
factors affected to the largest extent, and those with
reactance control to a lesser degree.

Machines with induction regulator or synchronous
booster may have the power factor kept constant over a

very wide range of load, depending, of course, on the

amount of pressure variation designed for.

Compounded converters must have their series wind-

ings paralleled by an equalising connection to ensure

stability, this including the series winding on the field

of a synchronous booster where such is fitted.

Converters required to run in parallel with ordinary
c.c. generators may be found to take more than their share

of varying loads on account of their flatter characteristics,

necessitating constant attention to the field regulator to

.maintain equal division of the load.

In such instances the converter field is sometimes fitted

with a reverse or differential series winding, which by
weakening the field as the load increases gives the required

drooping characteristic.
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Converters in Parallel on Both Sides. Converters

will not run stably when they are directly connected to

the same a.c. supply in addition to being in parallel on
the c.c. side.

By this is meant machines connected to the same
transformer secondary or other a.c. system, so that there

is a complete copper path between them on both a.c.

and c.c. sides.

There is then a system of parallel paths formed by the

armatures, bus-bars and connections thereto, and if a

difference exists between the pressures generated in the

two armatures currents will circulate in this system.
Each of the paths for this current being made up of

certain lengths of cable, bus-bars and surface contacts

between brushes and commutators or sliprings, their

resistances will inevitably differ, and consequently the

current will have a different value in each path.

The result of this will be that brushes of opposite

sign on the same machine will be carrying different values

of current, and if an external load is being supplied the

positive brushes on one machine and the negative on the

other may be loaded above their rated capacity, while

the other brush sets are doing little or nothing.

Such a state of affairs is altogether inadmissible, if

for no other reason than the sparking which would occur

on the commutator.

The operation of two converters from one transformer

secondary or one alternator winding without transformera

is not practicable therefore, unless means are provided to

prevent the irregularities just mentioned, and lor thin

purpose a balancing transformer is used.

This has two sets of windings on the same core, these

being connected in the a.c. supply leads, one in series with

each converter, and so arranged that the load currents

JST
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flow in opposite directions round the core. The m.m.fs.

produced therefore oppose each other, and when the

currents are equal no flux is produced in the core.

Any inequality in the currents disturbs the balance and

the flux which then arises produces a choking e.m.f . in the

winding having the larjfer current, and a boosting e.m.f.

in that with the smaller current, so restoring the current

balance.

"When one converter only is on load, only one winding
of the balancing transformer will be energised and this will

add reactance to the circuit. To avoid this a switch is

provided to put both windings in parallel at such times and

so produce opposing m.m.fs. in the core.

Por 6-phase machines the balancing transformer

need only be connected in three of the phases spaced 120

degrees apart, and will then have a core of three limbs, each

carrying the two windings of one phase. The arrangement
of the connections is shown in Fig. 44, those for two out

of six phases only being given to avoid confusion.

The chief application of the balancing transformer is

where rotary converters are used in conjunction with a low-

pressure alternator for supplying a c.c. load. This method
of producing c.c. energy has the advantage of enabling the

efficiencies of high-speed turbines to be obtained without

the drawbacks of commutation troubles with high-speed
c.c. generators, or the alternative of reduction gearing to

enable low-speed generators to be turbine driven. Such

low-pressure alternators are usually connected to give
six phases, and two converters are used, each- of half the

rated capacity of the alternator.

Protection against Excessive Speed. To guard against
excessive speed being reached by the converter, as might
happen in certain circumstances, an over-speed protective
device is usually fitted on the shaft. This acts by centri-
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fugal force and closes a pair of contacts which complete
the circuit of a tripping coil on the c.c. circuit-breakers.

When running in parallel with other c.c. generators,

failure of the a.c. supply to the converter will cause it to
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nin as a c.c. motor, and its speed will then depend on the

field excitation. If this should be below normal the speed

will rise and may reach a dangerous degree in spite of the

reverse current tripping gear on the c.c. side. To avoid

the possibility of damage to the armature from this cause
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the over-speed device is adjusted to operate at a safe value

above normal speed.

Testing Over-speed Device. It is desirable that the

working of the device should be tested from time to time

to ensure its reliability, and the manner in which this may
be done depends on the starting arrangements of the set.

With c.c. starting the machine may be run up in the.

usual manner, and the speed raised by weakening the

field until the circuit-breakers trip. This is assuming
that the over-speed trip coils are fitted to circuit-breakers

which are in use during the starting operation. If, 'as is

often the case, there is a separate circuit-breaker for start-

ing, it may be possible to close the running circuit-breakerN

with safety, this depending on whether switches are fitted

in both c.c. leads in addition.

If this cannot be done the following method may bo

used, which is also applicable to any case, provided that
there is other c.c. generating plant in parallel.

The converter is taken when connected to both a.c. and
c.c. systems, and the a.c. oil switch tripped, so that the
machine runs as a c.c. motor

;
the speed can then be raised,

until the circuit-breakers trip, care being taken to see that
it is the over-speed and not the reverse current device
which operates, to avoid being misled.

A test of this kind is not complete unless the actual

tripping speed can be observed by a revolution indicator.

.Without this an unsafe speed may be reached and the tent
be worse than useless. In. any case, if the device does not

operate at the speed at which it is intended to, adjustment
should be made until it does.

Where starting is by an induction, motor having one pair
of poles less than the converter, this may be used to tost
the over-speed device, provided that the c.c. circuit-

breakers can safely be closed while the machine is standing.
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The starting motor will run the converter above ayn-
.chronous speed, but the actual excess speed has definite

limits imposed by the frequency of the supply. If the

over-speed device trips under these conditions it may be
assumed that the tripping speed is a safe one, although its

actual value is not known.
When the circuit-breakers open, an auxiliary contact

opens the tripping circuit, so preventing burning of the
contacts which would occur if this circuit was broken by
the centrifugal device as the machine slows down.

INVERTED RUNNING

There is nothing inherent in the rotary converter
'which renders it more suitable for converting from a.c.

to c.c. than in the opposite direction. General usage
has recognised the term "inverted" as applying to
the conversion from c.c. to a.c., but has not adopted
a corresponding term for conversion from a.c. to c.c,.,

although the latter is sometimes called
ie

straight
"

run-

ning, and for the sake of brevity will be so referred to
here. For the simple duty of conversion any machine
will perform equally well in either direction, but when
running inverted problems arise in connection with the

speed and power factor which do not exist with straight,

running.

Speed Control. When the power input is from t.ho

a.c. side the speed of the machine clearly depone In on the

frequency of the supply, but when inverted, nml with no
other synchronous generators in parallel, the. speed, and

consequently the frequency, depends on the field excitation.
This will be affected by the phase relationship between tlio

current and pressure, so that any change, in the vnliio

of the wattless component of the current, whether duo to
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changing power factor or varying load, will vary the field

flux and so alter the speed. A speed and frequency liable

to change with each variation in the load or power factor

is wholly undesirable, while the possibility of dangerous

speeds being reached has also to be considered.

A common method of correcting this is to provide a

shunt-wound
s
exciter coupled to -the converter shaft. For

inverted running the converter field circuit is supplied from

the exciter which is designed to operate with a relatively

low flux density in its field magnets, so that any change in

its own exciting current results in a large variation in the

flux. Any increase in speed produces a rise in the exciter

terminal pressure which is amplified by the strengthening
of the exciter flux so caused ; this in turn, by increasing

the excitation of -fche converter, opposes the change of

speed, which is kept within small limits. A series winding
on the converter field magnets is also an advantage, the

changing armature reaction with fluctuating loads being

thereby compensated for and speed variation prevented,

this, however, with cumulative series winding, only holding

good for inductive loads, i.e. lagging current.

In another method sometimes used, the compensation
at the converter field is brought about by the change
in the wattless component of the load current, thus

preventing instead of correcting speed variation. In

addition to the ordinary field winding energised from the

terminals of the machine, there is an auxiliary winding
which is supplied from the commutator of a special exciter,

coupled to the converter shaft. This has a field magnet
system witih. no windings, and its armature, which is wound
for the same number of poles as the converter, has both

commutator and sliprings.

A transformer connected in series with the leads to the

converter sliprings is so designed as to produce in its
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secondary windings currents which are strictly proportional
to the currents in the primary. These secondaries are

connected to the slipring brushes of the exciter, so that the

armature of the latter is traversed by the secondary currents

and rotating magnetic fluxes are set up therein.

The rotation of the armature being at synchronous

speed, these fluxes are stationary in space and the pressures

self-induced in the armature conductors appear on the

commutator, as explained when dealing with self-starting

converters.

The armature is rotating synchronously with the

pressure at the converter sh'prings, so that any displacement
between the current and pressure at the converter will

cause a corresponding displacement in space of the flux

in the exciter armature.

If the current lags the armature will have travelled

further before current maximum occurs and the flux will

be displaced forwards, while the opposite effect obtains

with leading current. The points on the exciter com-

mutator between which maximum pressure exists will have

a position in space depending on the phase relationship

between current and pressure in the converter.

The exciter brushes are placed so that when the power
factor of the converter is unity, they are midway between

these points of maximum pressure, and the terminal

pressure of the exciter therefore zero, no current flowing
in the auxiliary winding on the converter field magnets.

If the current beeomea displaced from the pressure the

exciter armature flux shifts and a pressure appears between

the brushes, a current then flowing in the auxiliary winding.
This is so connected as to strengthen the main flux when the

current lags, so compensating for the demagnetising effect

of the lagging armature current.

If the current leads, the exciter flux shifts in the opposite
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direction and the exciter brushes become of opposite

polarity, the current in the auxiliary winding then

weakening the main flux.

Any change in the armature reaction on the converter

field, whether due to changing power factor or to varying
load with constant power factor, is compensated for by
this means and fluctuations of speed are prevented, for it

will be observed that it does not require a variation of

speed to bring about the effect.

The action of the exciter will be seen to be exactly
similar to that of the converter, with regard to effect of

armature currents on its own field magnets.
Inverted Converters in Parallel with Synchronous

Generators. When converters are running inverted in

parallel with other synchronous generators variation of

the field current affects both the load and the power factor.

For example, the effect of weakening the field, by its

tendency to cause a rise in speed, will be to advance the

pressure wave of the converter relatively to that of the

other generators, until sufficient extra load is taken to

balance the extra c.c. input consequent on such reduction

of the back e.m.f.

In addition to this a resultant pressure will arise

between the machines which will introduce a leading com-

ponent into the current in the converter, so changing the

power factor of this machine, raising it if already lagging.
As this leading component tends to strengthen the

field of the converter, both effects, load and power factor

variation, are modified to some extent.

If the machine has already a lagging current this will

be exerting a weakening effect on the field, which effect

will be reduced by the introduction of the leading

component.
The provision of extra reactance on the a.c. side for
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the purpose of pressure control when running straight,

is a disadvantage when running inverted a.nd alone.

The power factor of a single machine supplying a load is

determined by the nature of that load and cannot be

changed by field regulation.

With reactance, the pressure of the supply will be

reduced with inductive loads, while with leading power
factor the pressure will be boosted, exactly as when the

converter is running straight and represents the load

supplied from the a.c. system. The only effect, then, is

that any variation in the power factor of the load will

vary the pressure, making the regulation of the machine

coarser.

For this reason, a converter required to run either

straight or inverted and having reactance control, should

have the reactance arranged so that it may be short-

circuited or cut out when running inverted, if no other

synchronous generators are in parallel.

When such plant is in parallel the reactance is useful,

as if the field be weakened, the leading current so arising

boosts the pressure and partly compensates for the reduc-

tion in machine terminal pressure, thus restricting the

leading current.

Field variation, then, has a greater effect on the load and

less on the power factor of the machine.

Converters with synchronous boosters, when run

inverted, have their operation greatly facilitated.

The load may be adjusted by the converter field and

the power factor by that of the booster. In general if

the converter field be weakened to pick up load, the

booster field must be increased to maintain the power
factor constant, and vice versa.

Boosting thus has an adverse effect on the commuta-

tion as in straight running, the booster acting as generator
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or motor, and being driven by, or driving the converter

exactly as in straight running.

.'BALANCING- ON 3-WIRE SYSTEMS

In a J3-wire c.c. system supplied by rotary converters,

balancing of the pressures between the outers and the

middle wire may be very simply effected by applying

the principle of the static balancer to the transformers on

tlve a.c. side of the converter. In order to understand how
tmis is done it will be useful to consider first the static

. balancer as a separate piece of apparatus, after which the

suitability of the power transformer for this duty will be

easily seen.

If two tappings 180 degrees apart in the armature

winding are connected to the two ends of a choiring coil,

this coil will be subjected to an alternating pressure having
a maximum value equal to the continuous pressure at the

commutator brushes. If we ignore the very low resistance

of the coil and the small losses which occur, the reactive

pressure set up by the magnetising current may be con-

sidered, for all practical purposes, as in opposition to the

impressed pressure and of equal value. When the tappings
coincide with the commutator brush positions, then, the

impressed pressure will be from the positive end of the coil

towards the negative, and the reactive pressure in the

opposite direction. iProm the middle point of the coil to

either end the reactive pressure will be that due to one-

half of the total number of turns, or one-half of the

commutator pressure.
This position corresponds to Fig. 45 (a), where the

arrows on the circle indicate the direction of the pressure

generated in the winding, E4 the pressure impressed on

the choking coil, and Eg. the reactive pressure in opposition.
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From either brush to the middle point of the coil (to-

which the middle wire is shown connected) there is a

pressure equal to one-half of that between the outers on

the c.c. side. Considering also the indirect path from one

brush through the armature to the opposite end of the

coil and so to the middle wire this still holds good, there

being in this path the full armature pressure minus one-

half the reactive pressure in opposition, the resultant

therefore being one-half the full pressure.

In (6) is shown the position when the tappings have

Fig. 45.

moved 90 degrees and are midway between the brushes,

the impressed and reactive pressures in the coil being
now zero. Between the middle wire and the commutator,

brushes, however, there is still one-half of the outsell

pressure, owing to one-half of an active section </'

armature winding being included in the paths , inoro

direction. At other positions of the tappingntfon of the

pressures, that due to the winding and tiling with the

reactive e.m.f. of the coil, combine so thyflrushes. With
is always equal to one-half of that betw^y lead to sparking

brushes. 'oithe armature.
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The curves in Fig. 46 represent the changes in these

pleasures between the middle wire and one of the com-
mutator brushes, one end only of the coil being considered

during the progress of the armature through two pole

pitches (360 degrees).

At (a) the tapping coincides with the brush position

ti

PP\. Kg. 46.

either v
half of tatfictive conductors are in circuit, the pressure from

commutator^eing therefore zero
; the reactive pressure in

This positi<Xpwever, at maximum, and from the middle
arrows on the circ^half of the commutator pressure. As the

generated in the wk^tive conductors begin to be included
the choking coil, and E,. t&^brush, and their e.m.fs. are thus
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thrown into the middle wire circuit as shown by the curve

rising, until at (6) the pressure from this source has reached

one-half of its maximum, value. Meanwhile, the reactive

pressure in the coil has fallen to the point of reversal, or

zero. (Compare also (a) and (6), Fig. 45.)

Further movement of the armature brings more active

conductors in until, when the opposite brush is reached,

the full armature pressure exists between the middle wire

and the brush taken for our starting point ;
this is partly

cancelled, however, by the reactive pressure which has

risen to its mayimmn in the opposite direction.

The resultant of the two curves is seen to be a horizontal

line having a height equal to one-half of the maximum of

the curve of generated pressure, and this- applies equally
to either half of the choking coil and with reference to

either of the commutator brushes.

By connecting the middle wire of the c.c. system to the

middle point of the choking coil the pressures on either side

may be kept in balance, and any difference in the loads

connected will result in a larger current in one or other of

the outers, the out of balance current flowing to or from

the generator over the middle wire, according to whether the

greater load is on the positive or negative side. The
out of balance current will always be in opposite directions

in the two halves of the coil, flowing continuously from or

to the middle wire, and will therefore have no effect on

the magnetisation of the core, the m.m.fs. opposing each

other.

With unbalanced loads one set of brushes is more

heavily loaded than the other, and the distribution of the

current in the armature is not uniform, varying with the

position of the tappings with respect to the brushes. With

u large degree of out of balance this may lea<l to sparking

lit the brushes and unequal heating of the armature.
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Commutation is assisted by arranging the interpole

"windings so that each pole carries two coils, one connected

on the positive and one on the negative side of the machine,

the commutating flux then being affected by out of balance

on either side. This is only a partial remedy, as of the

conductors undergoing commutation at any instant, the

top and bottom layers are connected to commutator

bars under brushes of opposite sign.

The inequality of currents in the armature conductors

is reduced by having more than one balancing coil,

additional coils being connected to the winding at points

spaced equidistant from the first pair of tappings. Two

coils at 90 degrees may be used with the middle wire

connected to the middle of each, giving four paths for the

out-of-balance current; or three coils having only one

end of each taken to a tapping, these being spaced 120

degrees apart, while their other ends are grouped at the

middle wire.

The latter arrangement has the advantage of only

requiring three sliprings as against four for 90 degree coils.

The amount of out of balance which can be dealt with

by the static balancer is limited by the considerations

mentioned above, and is usually stated as up to 25 per

cent, of the full rating of the generator.

Static balancers for c.c. generators resemble in form

and construction the ordinary a.c. transformer.

Power transformers for supplying rotary converters

may be used as static balancers in addition to their ordinary

duty by connecting the middle wire of the c.c. system to

a suitable point in their windings. Such a point would be

the star point of a 3- or 6-phase star, or of a 4-phase star

where the supply is 2-phase, while with diametrically

connected transformers the middle point of one phase

may be used.
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A low-pressure alternator supplying converters may have
the middle wire taken to the star point of its -windings.

Where transformers are mesh connected a suitable point
is not available, and a separate static balancer must be

used as with ordinary c.c. generators on this system.
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TRANSIORMER CONNECTIONS

General Principles of the Transformer. It is scarcely

possible to deal at any length with, the rotary converter

without making some reference to transformers. The

necessity for an alternating pressure having a certain ratio

to the continuous pressure required, and the fact that in

practically all cases the working pressure is settled by
considerations other than those of any rotary converters

in an a.c. system, renders the employment of transformers

in combination with rotary converters almost inevitable.

A preliminary conversion of the a.c. energy in addition

to transformation of the pressure is often effected by means
of the same piece of apparatus, so as to enable more efficient

types of rotary converter to be used for the final conversion

to c.c., as, for example, 3-phase to 6-phase, and 2-phase to

3- or 6-phase. A brief account will therefore be given
of the principles involved in the transformation of, alter-

nating pressures, and of the various arrangements of

connections necessary for different systems of low-pressure

supply to rotary converters.

In its simplest form the transformer consists of two
coils, the primary and the secondary, so arranged on a
laminated iron core that the flux set up by a current in one
coil links with the other. When an alternating current

flows in the primary an alternating flux is set up in the core,
192
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and this in addition to producing a reactive pressure in.

the primary coil by self-induction, also produces a like

pressure in the secondary coil by what is known as mutual

induction. If all the flux links with both coils the e.m.f.

induced per turn will be the same in each, and further,

both e.m.fs. will be in the same direction round the core

at any instant.

When the' supply pressure is applied to the primary
with the secondary on open circuit, the primary acts as

a choking coil, passing only a comparatively small current.

This current can be divided into two components, one,

the magnetising component, lagging by 90 degrees, and the

other a power component in phase with the pressure and

supplying certain losses in the iron core. As the former

is much the larger of the two the angle of lag of the actual

current will be large, approaching 90 degrees, and the

no-load power factor of the transformer very low.

The flux is in phase with the magnetising component,
and the reactive pressure, lagging by 90 degrees from the

flux, will be in opposition to the primary 'pressure and may
be considered as equal in value, turn for turn.

If the secondary winding has the same number of turns

as the primary the pressure induced therein will accordingly
be equal to the reactive pressure, and therefore to the

primary pressure. Furthermore, it will have the same

phase relationship to the primary pressure, being in the

opposite direction to the latter round the core, at any
instant. With a secondary winding having more or fewer

turns than the primary the number of linkages of the

flux will be greater or less, and consequently the secondary

pressure will have a higher or lower value for a given

primary pressure. The pressure is said to be
"
stepped up

"

or
"
stepped down "

according to whether the secondary

pressure is higher or lower than the primary.
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If the secondary -winding is connected to a closed

external circuit a current will flow therein, the value of

the current depending on the secondary pressure and the

impedance of the circuit. This current flowing in the

secondary winding will produce an m.m.f. in opposition

to that of the primary, tending to reduce the total flux

in the core. This, however, will lessen the reactance of

the primary winding and bring about an increase of the

current therein until the flux is restored to its former value.

Now the effect of the secondary m.m.f. can only be

neutralised by an equal primary m.m.f. in opposition.

The primary and secondary load currents, then, will be in

phase opposition, and their values will be inversely propor-

tional to the number of turns in their respective coils.

In a step-down transformer, for example, the m.m.f. of the

current in the secondary with fewer turns will be balanced

by the m.m.f. of a smaller current in the larger number
of turns in the primary coil. Thus with the step-down of

pressure there is a step-up of the current in proportion,

or in other words" the watte input equals the watts output,
if internal losses are ignored.

The actual current in the primary will be the resultant

of the no-load current and the load current required to

balance the ampere-turns of the secondary load current.

The power factor of the primary circuit will be dependent
on that of the secondary, being modified in addition by
the wattless, or magnetising component of the no-load

current. This lags by 90 degrees, so that, broadly speaking,
with a lagging current in the secondary the lag of the

primary will be greater, while with a leading secondary
the lead of the primary will be less.

For the complete study of the action of the transformer

many other considerations have to be taken into account,

the discussion of which is not necessary here. Enough has
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been said, however, to indicate the manner in which, the

secondary pressure is obtained, and how an increased

demand by the secondary circuit is met by increased input
to the primary.

Transformer Tappings. Different values of the

secondary pressure for a given primary pressure may be

obtained by making connection to the windings at different

points by tappings, so as to include a greater or lesser

number of turns in the circuit. These may be made to

either of the two windings, reducing the number of active

turns in the primary having the same effect as increasing

those in the secondary, and vice versa. Where altera-

tions are required only at infrequent intervals, this is

sometimes done by unbolting the connections and shifting

them to the new positions. When frequent changes are

required, tapping switches on the transformer are used,

some arrangements being only suitable for operation when
the transformer is dead, while others allow of the alteration

being made while on load, if so desired.

Transformers for tap-started rotary converters have

the tapping connections brought to switches on the

starting panel, as noted in the section dealing with these

machines.

Single and Polyphase Transformers. The simplest

transformer is that for single-phase supply, in which there

are only two windings and four terminals. For polyphase

systems single-phase transformers may be used for each

phase with their corresponding windings suitably connected,

or a polyphase transformer having the different phases
wound on separate limbs of a specially arranged core.

With either arrangement the system of connections will

be the same for a given desired result.
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2-PHASB TBABTSFOBMAIION

2- to 2-Phase. "Where the incoming high-pressure

supply is 2-phase and a 2-phase converter is used, each

primary will have its corresponding secondary, giving two

low-pressure phases with 90 degrees displacement. Each

of these is connected to tappings which are 180 degrees

apart in the armature winding.
These connections are shown in Fig. 47, from which it

will be seen that if the pressure in a given direction in

Pfiagf A Phase 8
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phase A precedes that in B, the phase rotation at the

converter terminals will be clockwise. That is, it will be

in succession from 1 to 3, 2 to 4, 3 to 1, and 4 to 2 in the

armature. By crossing over the leads from one of the

secondaries the phase rotation will be reversed.

2- to 3-Phase. The most widely known method of

transformation from 2-phase to 3-phase or vice versa,

is by means of the Scott connection. In this two single-

phase transformers are used of which one, the
"
teaser

"

transformer, gives a secondary pressure equal to only
0'866 of that given by the other or

"
main "

transformer.
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One end of the teaser secondary is connected to the middle

point of the main secondary as in Fig. 48.

Between terminals 1 and 3 there will be two sources

of pressure, the teaser winding and one-half of the main

secondary, with a 90 degree displacement. These two

pressures having values of 0-866 and 0-5 their resultant will

be equal to TO, or the pressure at the terminals of the main

secondary. The same applies to terminals 2 and 3 with the

difference that the section A2 is reversed with respect to

the teaser,

Phase d Phase 8
LAAAAAAAAJ ^^/V^A/VW^I

Main Teaser

Fig. 48.

For example, if the pressure in phase A leads that in

phase B, maximum of A from left to right in the diagram
is followed by maximum of B in the same direction. Thus
the pressure in A

l towards terminal 3 leads that in the

teaser by 90 degrees.

On the other hand, with the same order of precedence
of the phases, maximum from left to right in A2 is away
from terminal 3, followed 90 degrees later by maximum
in B towards 3. The pressure in A2 therefore lags behind

that in the teaser, while A l and A2 are in opposition when
considered with reference to terminal 3. These relations
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are shown in the vector diagram in Fig. 46, where it will be

seen that the result is to produce three equal pressures

having a phase displacement of 120 degrees, thus forming
a symmetrical 3-phase system. The point N in the teaser

winding is the neutral point of the three phases, and may
be used for 3-wire balancing. The number of turns between

terminal 3 and N is two-thirds of those on the teaser, or

0'58 of the main winding.
When supplying a balanced 3-phase load, such as a

rotary converter, the currents in the three line wires will

be equal and will have a displacement from each other of

120 degrees. Considering each part of the transformer

secondaries from the common junction between them,
the currents in these must equal their respective line

currents and therefore equal each other, and will have the

same displacement between maxima in a given direction

with reference to the junction point. In the main

secondary these two currents in either half of the winding,
while displaced by 120 degrees from each other with

reference to the middle point, are only 60 degrees out of

phase when the two halves are considered as in series with

each other from one terminal to the other. For example,
the successive maxima occur, say, towards the middle

point, with an interval of 120 degrees, but these maxima
are in opposite directions, considering the winding as a

whole. That is to say, maxima in opposite directions

occur at intervals of 120 degrees, consequently maxima
in the same direction occur at 60 degrees.

The two halves of the winding will produce m.m.fs.

differing in phase by 60 degrees and the resultant of the

two will be equal to T73 times either of them, or O'SOG

-of the m.m.f . which would be produced if the currents in

the winding were in phase with each other.

The teaser winding, carrying a current equal to that in
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the main winding', and having only
P866 of the number of

turns in the latter, will produce an equal m.m.f . in its core.

These m.m.fs. in the cores of the two transformers must
be balanced by a corresponding m.m.f. produced by the

current in the primary ;
thus the balanced 3-phase load

on the secondary side, is supplied equally from the two

primary phases. The currents in the two halves of the

secondary of the main transformer will be displaced by
30 degrees from the pressure between its terminals. This

can be seen by considering that the main secondary pressure
is displaced from that of the teaser by 90 degrees, whereas

the 3-phase currents are displaced by 120 degrees, and the

current in the teaser is in phase with its pressure. In
one half of the main secondary/then, the current leads the

pressure, and in the other half it lags ; by 30 degrees in

each case. The main transformer has, therefore, an internal

power factor of 0'866 on the secondary side, while the power
factor of the teaser secondary is unity.

The watts output on the secondary side of each trans-

former are equal when the load is a balanced one, the value

at the teaser being found by
-866 X 3-phase line pressure

X line current, and at the main transformer by 3-phase
line pressure X line current X p.f. 0'866.

3- to 2-Phase. Scott-connected groups are also used

in which the 3-phase side is the primary and the 2-phase
side the secondary. These may be found where ail original

2-phase supply has been superseded by 3-phase, their use

enabling the existing 2-phase converters to be run from the

new supply.

When balanced 3-phase pressures are applied to thd

primary windings of such a group, the currents which

flow produce m.m.fs. in the cores in the same manner as

the 3-phase secondary load currents, dealt with in the

preceding section, and the pressures in the two secondary
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phases arise in consequence of the fluxes set up by these

m.m.fs.

When load currents flow in the secondary windings

opposing m.m.fs. are produced in the cores, these being

balanced by increased currents on the primary side. The

previous remarks as to internal power factor and to calculat-

ing the watts on the 3-phase side apply also in this case.

I Phase A I I Phase B IWWWWWWV VWVWWWWV
/VVWXA /wyv\

Kg. 49.

2- to 6-Phase. By a duplication of the Scott con-

nection a 6-phase converter may be run from a 2-phase

supply. JFour transformers may be used having a single

primary and secondary each, or instead, two transformers

each having one primary and two secondaries. The

secondaries are connected as shown in Kg. 49 and produce
two 3-phase systems with the same direction of phase
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rotation, while any two phases which reach maximum at

the same instant are mutually opposing in the converter

armature B.C. In the vector diagram the lines representing
the teaser pressures are shown separated. Actually they
should be in line, but if so shown would not indicate the

make-up of the diagram so clearly. It will be observed

that the neutral pointsN coincide in the diagram, indicating

that there is no pressure difference between them. For

the purpose of 3-wire c.c. balancing it is usually only

necessary to connect the middle wire to one of these,

although both may be used if the out-of-balance current to

be dealt with is heavy compared with the load rating of

the transformers.

3-PHASE TO 3-PHASE.

Delta Connection. Transformers for stepping down
an incoming 3-phase supply to rotary converters may have

their windings connected in three different ways on both

primary and secondary sides.

In one method the three windings are connected end

to end so as to form a closed circuit, the line wires being
connected to the throe junction points, each line wire being

therefore common to two phases of the windings. This is

known ns the mesh or delta connection from the form it

takes when represented by a vector diagram as in Fig.

50 (a), this resembling the Greek letter A (delta).

The pressure in each phase being displaced 120 degrees

from that in its neighbours the resultant round the mesli

is zero. The pressure between lines will bo equal to that

of one phase, while the line current will be the resultant o

the currents in two adjacent phases. These phase currents

although displaced by 320 degrees, when considering a

given direction round the delta, aro only displaced by
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60 degrees in the line wire, as opposite directions in the

phases give a common direction in the line wire. The
line current, then, is equal to 1 '73 times the phase current,

or conversely the phase current equals 0'58 times that

in the line.

It will probably have occurred to the reader that

the armature winding of a 3-phase rotary converter is,

in effect, delta-connected to the supply, the relations

between phase and line pressures and currents being
identical in each case.

00
Fig. 60.

Star Connection. The second method of connecting
three phases consists of grouping all three windings together
at one end and joining their other ends to separate line

wires ;
tHa is called the star or Y connection and is shown

inKg.50(&).
"When balanced 3-phase pressures are applied to a

group of star-connected primary windings, assuming the

reactances of these are equal, equal currents will flow in

the line wires and these currents will have a displacement
of 120 degrees between maxima in a given direction with
reference to the common junction, or star point of the
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windings. This being so, the total current flowing towards

the star point is at any instant equal to the current flowing

away from it. The reactive pressures induced in the

windings will be practicallyequal tothe impressed pressures,
but it is to be observed that the latter is a pressure between

lines, whereas the path between any two line wires is

made up of two phases in series, the currents therein, and

consequently the reactive pressures, being out of phase
with each other. Now these phase currents and pressures
are only displaced by 120 degrees when considered with

reference to the star point. Pressures acting towards the

star point are in opposite directions in the two phases
when considering these as in series between two line wires

;

from this point of view, then, maxima in a given direction

from one terminal to another have a phase angle of CO

degrees. The reactive pressure between two line terminal
is the resultant of two phase pressures with 60 degrees
between them, and has a value of T73 times that of either

of them. Conversely, the phase pressure is equal to 0-58

of the line pressure.

The same thing applies to star-connected secondaries,
where two phase pressures with 60 degrees displacement

produce a line pressure of 1'73 times their value. The

phase current obviously is equal to the line current.

From the values of line pressure and current UN .shown

on switchboard instruments the total watts are calc.iilated

by the same method irrespective of whether the load is

connected in delta or in star. In delta the phtiHu airrent
is 0'58 of that in the line, while line and phase proHsureN
are equal ; in star the phase pressure is 0-58 of that, between

lines, while line and phase currents are equal. In ouch
case the expression 0'58 X line preHHure X line current given
the watts per phase, and multiplying this by three, we. get,

1'73 X line pressure X line current for the total
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Inter-connected Star Connection. "When star-con-

nected secondaries are used to supply rotary converters for

a 3-wire c.c. system, the middle wire of the latter may be

connected to the star point of the transformers, as noted

in the section on the static balancer. The out-of-balance

current then flows equally and continuously through each

phase of the secondary winding.

In 3-phase transformers of the core type, in which the

core consists of three limbs united at each end by cross

yokes, each limb carrying the windings of one phase, the

m.m.fs. due to the continuous current all act in one direction

from one yoke to the other. Any flux due to this m.m.f.

can therefore only complete its circuit by leaving the core

and passing through the air, so returning to the other end

of the core.

The effect of the continuous current upon the magnetisa-
tion of the cores is consequently very small, owing to the

high^reluctance of the path through the air, unless this

reluctance is reduced by the presence of iron in the vicinity,

such as, for instance, the sides of the tank in which the

transformer may be housed.

With shell-type transformers, on the other hand, the iron

of the cores forms a continuous path round the outsides of

the windings as well as the limbs passing through them.

In these the out-of-balance current will set up a continuous

flux in one direction which will be superposed on the

alternating flux and so interfere with the proper working
of the transformer. The same thing occurs if the 3-phase

group consists of single-phase transformers of either type,
a complete iron path existing for the continuous flux in

each, with the same result.

In these circumstances a different method of connecting
the secondary windings is adopted, this being known as

the inter-connected star. The windings on each limb of
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the core are divided into two equal sections, and one

section on one limb is connected in series with another
section on one of the other limbs, each pair so formed

constituting one leg of the inter-connected star. As
the alternating fluxes in the separate limbs (or separate
cores in the case of three single-phase transformers) are

out of phase with each other, the result of the inter-connec-
tion is to produce between the star point and the line

terminal a pressure which is the resultant of those in the
two half-phases.

Fig. Cl.

The arrangement of connections is shown in Fig. 51
,

with a vector diagram to indicate the proportion* und phase
angles of the various pressures. In this figure the windings
on each core arc shown separated by an angle equal {,<> tlw

phase displacement of the fluxes in the cores, an thin j)rownt
a clearer picture of the relations between tho jmnHiiron
induced in the windings. This plan is often followed with
transformer diagrams, as it produces a sort of combined
connection and vector diagram.

Of each pair of half-phases in series with eac.li oUic.r,
it will be noticed that one is connected up in tho reverse
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direction to the other, the effect of this being to change
the phase angle between the two pressures from 120 degrees

to 60 degrees. The resultant pressure between star point

and line terminal is therefore 1*73 times that of one half-

phase, or
-866 of that which would be produced if the

whole winding were connected in plain star. The three

resultant pressures thus produced are seen to have a dis-

placement of 120 degrees from each other, and the pressures

between line terminals bear the same ratio to the phase

pressure as do those of a plain star system.
When an out-of-balance continuous current is being

carried, the interconnection of the phases ensures that on.

each limb of the core the separate half-windings are carry-

ing equal current in opposite directions. The continuous

m.m.fs. are therefore mutually opposing and the alternating

flux is undisturbed.

3-PHASB TO 6-PHASE

Double-delta Connection. In the double-delta ar-

rangement the secondaries are connected so as to produce
two deltas having similar phase rotation but with the

pressures in corresponding phases displaced by 180 degrees.

The necessity for the latter requirement can perhaps best

be explained by inverting the problem, and considering
the pressures generated in the armature winding of a two-

pole converter, represented by the circle in Fig. 52. The
numbered points are the tappings and the arrowheads

indicate the direction of the generated pressure.

At the particular instant shown, the pressure between

tappings 2 and 6, and also that between 3 and 5, is at

maximum, but whereas the first is in a clockwise direction

in the delta 2-4-6, the latter is anti-clockwise in its delta

1-3-6. The same thing occurs with the other pairs of
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tappings when they reach maTrirrmTn, so that the pressures

between 120 degree tappings may be divided into two delta

groups, reversed with respect to each other, but with

similar phase rotation.

A double-delta system to be paralleled with this must

have similar characteristics, and can be produced by tho

arrangement of transformer connections shown in Fig. 5.3,

where the two deltas are kept separate to enable them to

be more easily traced. Pairs of pressures, such as (5-2 and

6-3, which reach maximum simultaneously, are derived

from one phase of the primary supply, 2-4 and 1-5 from

the second, and 4-G and 1-3 from the third prirmiry phase,

as indicated by the letters A, B, and C.

The primaries may be connected in either delta, star, or

inter-connected star, thin being decided by other con-

siderations. It is only necessary for the 3- to G-phaso con-

version that if separate transformers are used for each
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secondary delta, both primary groups should be connected

up alike.ABC A e c
/VWWV\ yVWWNA /WWWA /^A'WVNA /\AAA/NAvAAAAAAA

Kg. 63.

With double-delta connections, there is no neutral

point available at the transformers for c.o. 3-wire balancing.

Double-star Connection. In the double star arrange-

ment six secondaries, two to each primary phase, are

connected so as to form two 3-phase star groups, witli

180 degrees between them and with similar phase rotation.

The result is to produce two groups of 3-phase Hue pressures

which may be paralleled with the corresponding pressures
in a 6-phase converter. The connections are shown in

Kg. 54, where line wires of the two stars are distinguished

by full and broken lines respectively. It will be noticed

that the two star points coincide in the diagram, indicating

that there is no difference of pressure between them, BO

that they may be joined together, forming a 6-phase star.

For 3-wire balancing the middle wire of the c.c. systom

may be connected to this star point.

Considering the 6-phase star, each pair of secondaries

may be treated as being in series and connected to tappings
180 degrees apart, in the converter armature, as 1-4, 3-0,
and 5-2. Furthermore, of each pair of secondaries, at
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any instant one will be carrying current towards and the

other away from the star point, and these currents will

be equal. The necessity therefore no longer exists for

AAA/WWV\ AAAAyVWV

Fig. 64.

the star connection between separate pairs of phases, and

thus the diametrical system of secondary connections is

arrived at.

Diametrical Connection. In this there is only one

secondary to eacli primary phase. The three secondaries

have a displacement of 120 degrees between their pressures,

and each is connected between 180 degree tappings in the

armature winding, as in Fig. 55. The correct phase rota-

tion is obtained by connecting the corresponding end of

each secondary to tappings 120 degrees apart. Thus in

Fig. 55, if the maximum pressure occurs from left to right

in tho HocondarioH in tlio order A.B.G., terminals 1, 3, and 5

will become positive at successive intervals of 120 degrees,

and rotation of phases in the vector diagram will be clockwise.

Alternatively, tlio diagram may bo considered as repre-

senting the armature of the converter, when if the neutral

p
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points are assumed to.be on a vertical line through the

centre, phase A will be at maximum in the position shown.

After 60 degrees of rotation in an anti-clockwise direction,

tappings 2 and 5 will be in the -mfnriTnTiTn
position, but it

willbe observed tiiat the pressure will now be in the opposite

direction in phase Cs as compared to that in phase A in

the first position. Continuing thus, we find that mayimnm
in a given direction in the phases occurs at intervals of

120 degrees in the order A.B.C. The conditions are there-

H/VWWWV
2 5

Fig. 56.

fore correct for paralleling with a 3-phase supply having
the same phase rotation in the transformers.

The diametrical system of connections is that most

commonly used for 6-phase converters. It has the

advantage, which has been already referred to in connection

with starting methods, of requiring only one 3-pole switch

to interrupt tihe supply to the converter. With double-

delta or double-star connections all six line wires must be
broken or complete circuits will remain. It is usual in

these cases to provide two 3-pole switches, one of them
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being closed when the converter has been synchronised,

the machine then running 3-phase on one delta or one star

until the other switch is closed.

The middle wire of a 3-wire c.c. system is connected

to the middle point of one phase only of diametrical

secondaries, as otherwise a 6-phase star would be formed.

Phase Pressures and Currents in 6-Phase Systems.
Whatever the manner in which the transformers are con-

nected, the result is always the same at the converter, the

armature of which is connected as a 6-phase mesh to the

six line wires. In each system, too, the line current for

a given load is the same, as demonstrated when dealing

with the 6-phase machine in Chapter VI.

The value of the pressure required from transformer

secondaries depends on the continuous pressure required

from the converter, and also on the system of connections

used. With double delta, the pressure of one phase,

equalling the line pressure of one delta, is to be that

between 120 degree tappings, or 0*612 of the continuous

pressure. With double star, the points of 0110 star are

also connected between 120 degree tappings, and require
0*612 of the continuous pressure between them, this being
the line pressure of the star. The phase pressure will be.

0'58 of the line pressure uiul therefore will equ;il (KittL-

of the continuous pressure.

The pressure in one diametrical phase will be the sum
of two star phases in series, or ()

-707 of the continuous

pressure, and the foregoing all being R.M.S. values, the

maximum of the diametrical pressure will equal the

continuous pressure, which accords with the fact of its

connection between tappings 1MO degrees apart.

The phase, eurrents in the. transformer secondaries also

depend on the system of connections. In diametrical and

double star the phase, current is obviously equal to tin- line
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current, while with delta connections, the current in each

phase is
-58 of that in the line.

Switching out Transformers. Transformer windings
are highly inductive on account of their iron cores, and

when the magnetising current is switched off, the rapid

collapse of the flux may cause the induction of pressures

much in excess of the normal working value. This can

be avoided when switching out transformers supplying

rotary converters by opening the switch on the primary
side first, to shut the machine down, leaving the switches

in the secondary circuits closed. The flux is then main-

tained by currents from the converter armature, and as

these die down with the decreasing speed of the machine,

the flux is reduced gradually.

Although provision is always made for abnormal

pressure rises when designing the insulation of tranw-

fonners, yet it is better to avoid creating conditions wherein

such rises occur, whenever possible : for this reason the

foregoing procedure should always be followed when

shutting down rotary converters.



CHAPTER XV

THE MOTOR CONVERTER

THE motor converter consists of two machines in combina-

tion, an induction motor and a c.c. generator, the rotor

of the one and the armature of the other being mounted
on the same shaft. In addition, the windings of rotor

and armature are connected together, the leads for this

purpose, in machines with a centre bearing, being carried

through the hollowed-out shaft. These two machines are

known as a.c. end and c.c. end respectively. In Fig. 56

is shown the general scheme of rotor and armature connec-

tions for a converter having one pair of poles at each end.

The special arrangement at the star point of the rotor

windings is for starting, and is explained in the section of

this chapter relating thereto.

Considering the a.c. end first, this has its stator winding

arranged in the usual manner, in accordance with the

number of phases in the supply system, so as to produce
a rotating field when energised. The rotor, of the same
number of poles as the stator, has its winding divided

into a number of phases, usually twelve, spaced equally,
so that as the rotating field sweeps over it e.m.fs. arc

induced in the successive phases in turn at intervals of

30 degrees. These twelve phases are all connected together
at one end, forming a star, the pressure between any two
of the free ends of the star then being the resultant of

213
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the e.m.fs. induced lathe two phases, having regard to the

angle of displacement (see vector diagram, Fig. 57 (a)).

"When the stator winding is energised with the rotor

star thus on open circuit no current will flow in the latter,

and the frequency of the 12-phase pressures will be equal
to that of the supply. If, however, the ends of the star are

joined by resistances forming a 12-phase mesh, currents

will circulate therein, and assuming for the moment that

the rotor is fixed immovably, and neglecting losses, the

whole of the energy input to the stator, or primary, will

reappear in the rotor, or secondary winding, the machine

(a) (b)

Fig. 57.

then acting simply as a transformer. With the rotor free

to move, the interaction between the flux and the rotor

currents causes it to revolve, part of the input now being
converted into mechanical form. As the rotor runs in

the same direction as the stutoi flux the relative motion

between them is reduced, and the frequency and value of

the rotor c.m.fn. decreases.

The machine is now acting as motor and transformer,

converting its input partly into mechanical uiid partly
into electrical form, the proportions in which the two
conversions are carried out depending oil the relative
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speeds of the rotoi and the stator flux. With the rotor

at standstill the electrical conversion is a TnayimiTm and

the mechanical conversion zero. As the rotor speed rises

the electrical conversion falls off and the mechanical

conversion increases until, if it were possible for the rotor

to attain the full speed of the flux, the conditions would be

the reverse of those at standstill, the whole of the input

being converted into mechanical form.

The difference between the speeds of the primary flux

and the rotor is known as the slip, and is the relative motion

between the two, the rate of rotation of the flux round the

rotor being reduced by the motion of the latter in the same

direction. If the slip in revolutions per second is multiplied

by the number of pairs of poles in the field the product is

the slip frequency. This is the frequency of the e.m.fs.

induced in the rotor, and it will be clear that with the rotor

stationary the slip is equal to the stator flux speed, and the

slip frequency will equal that of the supply, while as the

rotor speed rises the slip frequency is reduced.

Thus if /=frequency of supply,

/s=frequency of slip,

Pa=number of pairs of poles in stator,

N=revs. per second of rotor,

speed of rotating flux=p-
revs, per second,

the slip=p-
N

and multiplying this by Pa we get

f-nx7a=fs (1)

It should be noted that as the stator flux is moving faster

than the rotor, the phase rotation in the rotor windings

runs in a forward direction, keeping pace with the flux.

Turning now to the c.c. end, the armature of this
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machine has tappings corresponding in number per pair
of poles to the phases in the a.c. rotor. When the machine

is miming with the field magnets excited alternating

pressures exist between these tappings, with a frequency

depending on the speed and the number of pairs of poles
in the field (see Fig. 57 (&)).

Thus if /c=frequency at c.c. end,

Pc==number of pairs of poles at c.c. end,

N=revs. per second of armature,........ (2)

Both a.c. and c.c. ends, therefore, produce a 12-phase

group of pressures having this difference, that as the speed
rises the frequency from the a.c. end falls, while that from

the c.c. end increases. At a certain speed the two fre-

quencies become equal, and provided that the intercon-

nections are correctly arranged and the pressures equal,

the two windings, on rotor and armature, may be connected

together. The interconnections must be so disposed that

the phase rotation runs in opposite directions in each

machine. That is, taking each group of pressures

separately and ignoring the other, the phase rotation

produced in the c.c. armature by the rotor pressures must

run backwards, while the phase rotation produced in the

rotor windings by the c.c. armature pressures must run

forwards witli respect to the rotation of the machine.

Then when the two frequencies are equal, the motion

of the armature keeps the phase rotation therein stationary

with respect to the field, while the forward pluiBe rotation

in the a.c. rotor lias added to it the rotational speed of

the machine, thus being kept in step with the primary
field.

The frequency of the rotor pressures being that of slip,

the frequency of the c.c. end must also be that of slip for
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synchronism, and the speed at which this occurs depends on

the numbers of poles in the two machines.

Thus for synchronism/=/<?; using the expressions found

above for these two frequencies,

/-NxP=NxPc . . (1) and (2)

/=N(Pa+Pc)

and NB=
. ... (3)

Therefore the speed in revs, per second at which the

frequencies of both ends are equal is found by dividing the

supply frequency by the sum of the pairs of poles in the

two machines. It can be seen from equation (3) that if

both ends have the same number of poles the speed of the

rotor will be half that of the rotating field, and the rotor

frequency will be one-half that of the supply.

The question of the actual means employed in practice

for starting and synchronising is dealt with later ;
we go

on now to consider the action of the machine when syn-

chronism has been obtained.

If the machine were running in synchronism and with

absolutely no losses, the alternating pressures from both

ends would be exactly in opposition and no current would

now in the rotor system ; there would therefore be no

torque at either end. Actually, of course, there are

frictional and other losses to be met so that the rotor tends

to drop from synchronous speed, and as a change in speed

affects the two frequencies in opposite ways, the pressure

from the a.c. end advances in phase while that from the

c.c. end lags. The resultant pressure thereupon arising

produces a current in the rotor circuits and this creates

a motoring torque, not only in the c.c. end, but also in the

a.c. end. The losses are -then met by the a.c. end acting

partly as induction motor, and partly as transformer
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supplying energy to the c.c. end which operates as a

synchronous motor. In addition, energy may be. taken
from the c.c. terminals of the machine, the c.c. end then

acting partly as rotary converter, and partly as c.c.

generator driven by the induction motor.

It will be observed that owing to the differential action

of a change of speed on the relationship between the two

pressures, the variation required to bring about a given
effect is much less than would be the case in an ordinary

synchronous motor. This is an important feature of the

motor converter, it being practically impossible for these

machines to lose synchronism, no matter how violent the

load changes to which they may be subjected.
Ratio of Mechanical and Electrical Conversions.

With a given supply frequency the speed of the rotor

when the two ends are in synchronism depends on the total

number of poles in the two machines, but the proportion
in which the primary input is converted into mechanical

and electrical form in the rotor depends, with a given
total number of poles, on the relation between the number
of poles in each machine.

At synchronous speed the slip will depend on the number
of pairs of poles in the a.c. end, and by making these a

greater or lesser proportion of the total number, the ratio

of electrical and mechanical conversion may be varied.

The more nearly the rotor speed approaches that of the

stator flux (that is, the smaller the slip) the greater is the

proportion of the total input which is converted mechani-

cally. With a given rotor speed, these become more nearly

equal the larger the number of poles in the stator. There-

fore, with a given total number of pairs of poles and supply

frequency, the amount of the total input which is converted

into mechanical energy is proportional to the number of

pairs of poles in the a.c. end.
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f

rotor speed Pa+Po
Thus

stator flux speed _ / Pa+P
Pa"

mechanical conversion

total input

The greater the difference between the rotor speed and

that of the flux, that is, the more nearly the slip frequency

approaches the supply frequency, the greater the pro-

portion of the input which is converted into electrical

energy in the rotor. With a given rotor speed the slip

frequency, which equals the frequency at the c.c. end, is

proportional to the number of poles at that end. There-

fore, with a given supply frequency and total number of

pairs of poles, the energy converted electrically is propor-
tional to the number of pairs of poles in the c.c. end.

Thus /s=rotor speedX PC

/xPc
slip frequency __Pa+Pc_ PC

supply frequency / Pa+Pc
electrical conversion

total input

In both the foregoing expressions the internal losses in

the machine have been ignored.

Pressures and Currents in Rotor and Armature.
The windings of the rotor and armature must be designed
to produce pressures having equal values, as they are

to be connected together. Moreover, these pressures will

have a fixed relation to the continuous pressure required
from the machine, as in the rotary converter.

Considering first of all the relation between rotor and
armature pressures, it is to be noted that the rotor windings
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afe connected in star, while the armature is a mesh. The

pressure between two adjacent tappings in the armature

will be that due to one phase of the mesh
;

the corre-

sponding pressure in the rotor, or that between two points

of the star, will be the resultant of the e.m.fs. induced

in two star phases with a displacement of 30 degrees

relative to the star point, and therefore of 30 180=
150 degrees when considered in series. This resultant

will have a value of 0'518 of the pressure due to one star

phase alone, or conversely, the star phase pressure will

be 1*93 times the mesh pressure.

In the c.c. armature the pressure between tappings

180 degrees apart will equal 0*707 of the pressure between

commutator brushes, and this will be twice that of one

phase of the rotor star. The star-phase pressure will

therefore be 0*354 of the continuous pressure, and 0*518

of this, or 0*183, will be the value of the mesh pressure

in terms of that on the commutator. These values are

tabulated herewith in terms of each other.

The current in the rotor for a given output from the

c.c. side depends, of course, on the ratio of electrical

conversion. Neglecting losses, the watts input or output
PC

multiplied by -- will give the watts in the rotor

system. Dividing this by 12 gives the watta per phase,

and again by the star pressure gives the current per phase
in the rotor, which is the name as the current per tapping
at the c.c. end. Each tapping carries the current from two

of the armature phases 30 degrees apart, and as maxima
in a common direction in the armature phases are in
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opposite directions in the tappings, the tapping current is

the resultant of two currents with 30180 degrees, or 1Q
degrees between them. The phase current is therefore

1'93 times the current in the tapping, or conversely, the

latter is 0'518 time the former.

Considering the watts in the rotor from the c.c. end,

dividing by 12 gives the watts per phase of the mesh, and

again by the mesh pressure (0'183 time the continuous

pressure) gives the current per phase in the armature.

The tapping current is equal to 0'518 of the mesh current,

and this is the current per phase in the rotor star.

If the electrical input to the c.c. end were equal to the

output (as in a 12-phase rotary converter) the current

per tapping would equal 0'236 of the continuous current.

In the motor converter the electrical input to the c.c. end

PC
is always less than the output in the ratio -

,
so that

if Ic be the continuous current, the current per tapping
.,, , ,

, IcxPcxO-236 . ., , ,

wiH be equal to
, assuming the power factor

Pa+Pe
in the rotor to be unity, which is not always the case.

Power Factor and Pressure Regulation. As the c.c.

end is running as a synchronous machine its power factor

depends on the field excitation. The current may be made
to lead or lag by increasing or decreasing the field current,

and this will react on the supply to the primary, or stator,

of the a.c. end. The latter acting as a transformer will

have the power factor of the primary dependent on that

of the secondary, or rotor, and therefore may be made to

take its energy from the supply at unity, or even leading

power factor by suitably increasing the excitation at the

c.c. end. If the rotor currents were exactly in phase with

the pressure the primary current would still lag, on account

of the magnetising component required for the rotating
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flux. By makLng the rotor current lead, however, the

magnetisation can be wholly maintained from the c.c.

end, and the power factor of the a.c. input raised to unity
or leading.

Such variation of the field strength, of course, affects

the continuous pressure, and in general, it may be said that

for any given value of the latter the power factor is fixed

by the design. For lighting service machines are usually

designed for unity power factor at full load, while com-

pounded machines for traction work give unity at three-

quarters load, and a leading power factor at full load.

The continuous pressure of a motor converter may be

varied over a much wider range by field regulation than

is possible with the rotary converter without unduly lower-

ing the power factor of the supply. This arises from the

fact that in the motor converter the electrical energy in

the rotor is less than the total load on the machine
;
the

increase in the kVA consequent on a change in the power
factor in the rotor being thus smaller than would otherwise

be the case. For example, in a motor converter with equal
numbers of poles at both ends, the electrical energy in the

rotor is one-half of the total input to the stator. A lower-

ing of the power factor to 0'8 means an increase of the

kVA in the rotor by 25 per cent., but this is only 12\ per
cent, of the total input. A given variation in the power
factor of the c.c. end produces, therefore, only one-half of

the effect on the a.c. input that would be caused by a

similar variation in a rotary converter.

The current on thd a.c. side of the armature being smaller

than would be required for the full input if in electrical

form, the armature heating will be affected to a lesser extent

by low-power factor. Furthermore, the effect on the field

flux of the armature reaction due to current displacement

is less
;

therefore there is a greater total effect produced
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on the pressure generated by the machine. Thus, for a

given field variation, the effect on the power factor of the

supply is less, and the change in the pressure generated
is greater, than would be the case with a rotary converter.

It will be evident that the smaller the proportion of the

total input which is converted into electrical form in the

PC
rotor, that is, the smaller the value of -

-, the greater

the range of pressure control at the c.c. end for a given
variation of power factor in the supply.

For the reasons outlined above motor converters require

no additional apparatus to facilitate control of the con-

tinuous pressure, it being possible to get a variation up
to 40 per cent, of the normal, in suitably designed machines,

by simple field regulation.

The characteristics of shunt-excited motor converters

are slightly drooping, so that they run quite stably in

parallel with each other, or with rotary converters or c.c.

generators. When compounded, equalising connections

must, of course, be provided exactly as with compounded
machines of other types.

Starting and Synchronising. The most convenient

a.c. arrangement for starting the motor converter, and the

method always used, is to make the interconnections

between rotor and armature of a permanent nature and
to disconnect the rotor phases at the star point. This is

done by bringing the inner ends of the twelve phases to

a set of contacts which may be opened or closed by hand
while the machine is running. When the star point is

thus opened no current can flow in the windings, and the

machine would be unable to start itself. Three of

the phases, however, spaced 120 degrees apart, have their

inner ends connected to sliprings also, the brushes on
which are connected to a variable 3-phase resistance.
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When the supply is switched on to the stator, currents

circulate through the rotor and armature windings and

the resistances, and the machine starts up as an induction

motor, the speed being controlled by the amount of

resistance in circuit.

The field circuit of the c.c. end is permanently con-

nected to the machine terminals, and when the speed
has risen slightly above synchronism, the pressure in

the armature is allowed to build up, and combining with

the rotor pressure, produces a resultant which pulsates at

a rate equal to the difference between the two frequencies.

This pulsation is shown on the voltmeter connected

across the starting resistance, owing to the varying current

therein. The set then begins to slow down, reducing the

difference between the frequencies, the pulsations of the

voltmeter getting slower as synchronism is approached.
The resistances are short-circuited by closing a switch,

at a moment when the slow swinging of the voltmeter

shows nearly equal frequencies, and the bottom of a swing

phase opposition of the pressures. Cutting out the

resistances thus allows the full synchronising torque to

come into play at any attempt to depart from synchronism,
and the .speed is kept at that value at which the fre-

quencies of rotor and armature pressures are equal, by the

interaction of the armature current and tlie c.c. field. The

short-circuiting device is then closed, completing the star

of twelve phases, after which the brushes may be lifted

from the sliprings unless these are required for carrying

the out-uf-bahince current from a 3-wire c.c. system.
The starting resistance and field regulator usually have

marked positions found by the makers on test, which

allow of the speed rising above synchronism before pulling

down again. The operator has then only to close the

main a.c. switch and wait until the correct moment for
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short-circuiting the resistances, as shown by the volt-

meter.

In the self-synchronising arrangement reactances are

connected between the leads from the sliprings and con-

trolled by a switch. As the machine approaches syn-

chronous speed the reactances are switched in, and a larger

current flowing in the rotor and armature brings the c.c.

end into synchronism.
When starting up from the c.c. side the star point of

the rotor windings is kept open until the set is under way,
to avoid current circulating in the rotor windings and so

increasing the input at starting. As the speed rises

alternating pressures are impressed on the rotor windings

by the back e.m.f. of the armature., and on the star point

being closed currents flow in the rotor, producing a rotating

field. As explained earlier, the inter-connections are so

arranged that the pressures generated by the c.c. end

produce forward phase rotation in the rotor windings of

the a.c. end. The speed of the phase rotation relative to

the rotor will be equal to the frequency of the armature

pressures divided by the number of pairs of poles in the

a.c. end, or

NxPo
Pa

This rotation being in a forwards direction will have

added to it the speed of rotation of the rotor, so that the

actual speed of the rotating field in the rotor relative to

the stator will be equal to

This rotating field sweeping the stator windings will

induce therein pressures having a frequency equal to the

product of field speed and the number of pairs of poles
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in the stator, or iffi is the frequency of the induced pressures

Jew

Thus the frequency of the pressures induced in the a.c.

stator is equal to that of a synchronous alternator having
the same number of pairs of poles as the two ends of the

converter combined. It will be observed that when the

induced frequency equals that of the supply, N equals
the speed at which the pressures in rotor and armature

come into synchronism in starting up from the a.c. end (see

equation (3) above).

Paralleling between the stator pressures and the a.c.

system is carried out by means of ordinary synchronising

apparatus.

Inverted Running. If the machine is paralleled with

other generating plant on both sides, the direction in which

the transference of energy takes place depends on the

pressure generated in the c.c. end and the phase relation-

ship of converter and impressed pressures at the a.c. end.

Assuming the conditions to be such that the losses are

met by exactly equal inputs on both sides, the machine

will operate as c.c. motor plus synchronous motor at the

c.c. end, and as induction motor plus transformer at the

a.c. end. If the c.c. field is strengthened the increased

back e.m.f. reduces the c.c. input, the speed drops and

the pressure lags on the a.c. side, which thereupon 1ms its

input increased. Further increase of field strength pro-

duces a load current in the armature, so causing increased

input to the a.c. side to produce tho extra torque required
to maintain synchronous speed.

Weakening the c.c. field, on the other hand, by

increasing the c.c. input advances the pressure on tho u.c.

side, so picking up load from the a.c. system. The c.c.
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end acts as inverted rotary converter supplying energy
to the rotor, which thus becomes the primary of the a.c.

end, the stator windings now being the secondary. The

currents in the stator being in the same direction as the

induced pressure, a torque is created which opposes the

relative motion between stator and rotor, so producing a

load torque on the latter. The a.c. end therefore acts as

an a.c. generator as well as a transformer, and a mechanical

load is thereby imposed on the c.c. end, which acts as motor

in addition to rotary converter.

The energy converted electrically is again proportional
to the rotor frequency and therefore, with a given rotor

speed, to the number of pairs of poles in the c.c. end, while

the mechanical conversion is proportional to the number of

pairs of poles in the a.c. end, as in
"
straight

"
running.

3-wire Balancing For the purpose of balancing a

3-wire c.c. system the middle wire is taken to the star

point of the rotor windings by means of the sliprings used

for the starting phases. This star point is at a potential

midway between that of the commutator brushes exactly
as the middle point of a balancing transformer or power
transformer used for the same purpose. The middle wire

-.connection may be seen in Kg. 56.

'~r
i,

'"
..'C ,

'S.
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A.O. starting, motor converter,

224

, rotary converter, 140

Alternating e.m.f. in field coils,

151

pressure, 42

from lap winding, 43

on commutator, 152

Alternators in parallel, 93

Apparent power, 00

Armature :

book flux, 26, 29

cross flux, 26, 28, 29

heating, 109, 111

poles, 27

reaction :

, c.O. generator, 27

, motor, 40

, rotary converter, llfi

, si agio-phase, 62
- - -

. nync.hronoiiH motor, 03

- -
-, polypitaw. Nrt

Auxiliary poles, we Commutnt-

r

Back o.m.f., 37

flux, 2fi, 29

Balancer, Htatic, 180

Balancing, 3-wiro, 180, 228

transformer, 177

Booster, induction, 127

synchronous, 132

Brush lead, 25

Capacitance, 78

C.O. starting, motor converter,

226--
, rotary converter, 137

Characteristic, C.C. generator,

33

,
motor converter, 224

, rotary converter, 176

Choking coil, 177

Clock diagrams, 71

Oommutating poles, C.C. gene-

rator, 20--
, motor, 39

---
, rotary converter, 114

Commutation, C.C. generator.

22

, motor, 39

. effect of hunting on, 110

, rotary converter, 114

Commutator, 19

( lomponsaling winding, "0

ComjKnmd excitation, 13

Condenser, 78

Grow nnx, 20, 28, 29

Current ration, douWo-cnrront

machine and rotary con-

verter, 100

, motor converter, 220-222

220 Q
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Damper winding, 31, 104
Delta connection, 201

Diametrical connection, 100, 209
Double-current generator, 105

delta connection, 206
star connection, SOS

Dynamo-electric machine, 1

E

Electrical degrees, 43

Electro-magnetic induction, 1, 8

motive-force or e.m.f., 1, 5, 8

E.M.F., back, 37

of self-induction, 74

, reactance, 24

, reactive, 74

Equaliser connection, 34

Equalising rings, 31

Equipotential conductors, 32

Exciting coils, 6

F

Failure to synchronise, 163, 169

Field distortion, A.O. motor, 64

, alternator, 53, 88

, C.G. generator, 26, 28, 30

, motor, 40

, rotary converter, 115

excitation, C.C. generator, 11

, motor, 40

, rotary converter, 13

, rotating, 130, 141

Fleming's L.H. Rule, 22

R.H. Rule, 8.

Flux in exciting coils, 6

linked with wire, 4

, magnetic, 2

, residual, 12

Frequencies, unequal, in parallel,

J45

Frequency, 42
at C.O. end, motor converter,

217
at A.C. end, motor converter,

226
of slip, induction motor, 143

motor converter, 216

rotary converter, 153

G

Generator, double-current, 105

Generators, A.C., in parallel, 93

, C.O., in parallel, 33

Hunting, 102

, effect of, on commutation,
116

, prevention of, 104

Incidence, phase, 93

Inductance, 74

Induction, electro-magnetic, 1,8

motor, 141

, mutual, 193

regulator, 127

, self-, 24, 74
Inter-connected star connection,

204

Inter-poles, see Oommutating
poles.

Inverted motor converter, 227

rotary converter, 110, 181

K

Kicking coils, 173
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Lagging current, 50

Lap-connected winding, 14
, vector diagram of, 72

Leading ounent, 50
Left-hand rule, 22
Linen of force, magnetic, 4

Linkages, magnetic, 4

M
Magnetic reluctance, 3

Magnetism, 2

, residual, 12

Magneto-motive-foroe or M.M.F.,
5

Magnets, multipolar,
Manual synchronising, 139, 143
Motor, A.C. induction, 141

, synchronous, 03, 98
, C.C., 37

Motor converter, 213

, frequency at A.C. end,
226

, at C.C. end, 217
, of slip, 216
, phase rotations, 217

-

-, ratio of electrical conver-

sion, 220, 228
, of mechanical con-

version, 219, 228

,
- of pntHHiirc ami cur-

rents, 220
, rotor winding, 2JIi

, si'lf-synchronising, 220
-- - -

, starting, A.(!., 224
, , C.U., 226

, synchronising, 225, 227

, synchronous speed, 218

N

Neutral iKiint for D-wire balanc-

ing, m>

Neutral point, 2-phase, 190

, 2-3-phase, 198

, 2-6-phase, 20.1

, 3-phase, 204

, G-phase, 208, 211
.

, motor converter, 228

Opposition, phase, 93

Overspeed protection, 178

, testing, 180

Parallel, alternators in, 93

, C.C. generators in, 33

, motor converters in, 224

, rotary converters in, 176,

184

, unequal frequencies in, 145

Periodicity, 42
Phase displacement, 54

incidence, 93

opposition, 93

rotation, 82, 190, 209, 217

Polarity of exciting coils, 6

magnets, 2

, incorrect, 157, 164, 171

Pole slipping, 158

Poles of armature, 27

Polyphase machines, 81

pressures, 81

transformers, 195

Power, actual, 60

, apparent 60

curve, 54

factor, 59

PrcHHuro control, motor con

verter, 222

, rotary converter, 121

, current and power in motor

converter, 221

, in single-phase

machines, 85
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Pressure, current and power in

2-phase machines, 85

,
in 3-phaee machines,

88

,
in 6-phase machines,

00

,
in Soott-oonneoted

transformers, 199

,
in 3-phase trans-

formers, 203

, in 6-phase trans-

formers, 211

ratios, double-current

machine and rotary
converter, 105

, motor converter, 221

Pressures, polyphase, 81

ripple, 116

, virtual or R.M.S., 61

wave, 48

E

Reactance e.m.f., 24

Reaotion,^armature, A.O. motor,
63

, single-phase alternator, 62

, 0.0. generator, 27

, motor, 40

, effect of lag or lead on, 64

, inpolyphase machines, 88
Reactive e.m.f., 74

Reluctance, magnetic, 3

Residual flux, 12

Resultant of sine curves, 66, 69

vectors, 69

Right-hand rule, 8

R.M.S. values, 51

Rotating field, 130, 141

8

Self-induction, 24, 74

Self-starting rotary converter,
149

Series field excitation, 12

Shunt field excitation, 12

Sine law, 49

wave, 49

Single-phase alternator, 81

rotary converter, 81, 112,

115

transformers, 196

Slip, 142

frequency of induction motor,
143

motor converter, 216

tap-started rotary con-

verter, 153

Sliprings, uneven wear of, 119

Speed control, 0.0. motor, 38

, inverted rotary converter,

181

Squirrel-cage rotor, 141

Star connection, 202

, inter-connected, 204

Starting, motor converter, A.O.,

224

, C.O., 226

rotary converter, A.C., 140

, O.O., 137

, induction motor, 143

, , series, 16fi, 172

, tap-, 149

Static balancer, 186

Straight running, motor con-

verter, 227

, rotary converter, 181

Switching out transformers, 212

Synchronise, failure to, 163, 100

Synchronising alternators, 94
motor converter, 224, 227

rotary converter, manual,

139, 143

, self-, I4fi, 154, 160,

166

torque, 95

Synchronism, 93

Synchronous motor, 63, 98

speed, motor converter, 218



INDEX. 233

Synchronous speed synchronous
motor, 99

Synchroscope, 94

T

Tappings, armature, 42, 81

, transformer, 123, 150, 195

Tap-storting, 149

Testing overspeed device, 180

Torquo curve, 54

, load, O.C. generator, 22

, , single-phase alternator,

53

, , 2-phase alternator, 86

, , 3-phase alternator, 89

, , 6-phase alternator, 91

, motoring, 37

, rotary converter, 112

, synchronising, 95

Transformers, 192

, balancing, 177

, single and polyphase,^193
, 2-2-phase, 196

, 2-3-phase, 196

, 3-2-phase, 199

, 2-6-phase, 200

, 3-3-phase, 201

Transformers, 3-6-phase, 206

, Soott-oonneoted, 196

Twelve-phase rotary converter,

91

U

Unequal frequencies in parallel,

145

pressures in parallel, 99

Uneven wear of sliprings, 119

Vectors, 67
Virtual values, 51

W
Wattless current, 61

Wave form, 49

Wound rotor, 142

Y, or star connection, 202
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BOOKS ON ELECTRICAL ENGINEERING, &c.

Electrical Horology. A Practical Manual on the Application of the

Principles and Practice of Electricity to Horological Instruments and
Machines for the Measurement and Transmission of Time. By H.
R. LANGMAN and A. BALL. 180 pp. 68 Illus. Crown 8vo,
cloth ..................... JVi/7s. 6d.

Electric Light Fitting. The Practical Man's Handbook. By J. W.
URQUHART. 170 pp. Illus. Crown 8vo, cloth ...... NetS*.

Electric Light for Country Houses. A Practical Handbook including
Particulars of the Cost of Plant and Working. By J. H. KNIGHT.
Sixth Edition, thoroughly Revised. Crown 8vo, wrapper

i\et Is. 6d.

Electric Lighting and Starting for Motor Cars. Featuring British

Productions. A Review of the most modern methods of Motor Car

Lighting and Starting, with Guide to Installation, Repairs, etc.

By H. H. U. CROSS, Electrical Engineer. Fourth Edition, Enlarged.
360 pp., with 203 Illus. and Wiring Diagrams. Demy 8vo, cloth

Nearly ready.

Alternating Currents: Their Theory and Transmission. For
Students of Electrical Engineering. Including

' ' The Principles of

Alternating Currents." By E. T. LAR.NER, A.I.E.E. 206 pp., with
Jo; Illus. Crown 8vo, cloth ............... JVet 63.

Alternating Currents. Their Elements explained, and their Calcula-
tions effected without the use of Hyperbolic Functions. By H. R.
KEMPE, M.Inst.C.E., etc. With numerous Illus. Crown 8vo,
doth ..................... JVtt4t. 6d.

Standard Electrical Dictionary. An Encyclopaedia of the Science of
Electricity in all its Phases and in its most recent developments.
By T. O'CoNOR SLOANE. With addition by Prof. A. E. WATSON.
770 pp., with 477 Illus. Large crown 8vo, cloth ...... Nel 2Is.

Elementary Electrical Engineering. In Theory and Practice. A
Class Book for Junior and Senior Students and Working Electricians.
By J. H. ALEXANDER. 200 Illus. Crown 8vo, cloth. Fifth
Edition

Electrical Engineering. A First Year's Course for Students By T
SEWELL, A.M.I.E.E., etc. Nimh Edition, Revised. 465 pp., wiili
277 Illus. Large crown 8vo, cloth ......... A'at 7s. 6d.
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LOCK WOOD'S MANUALS

.NITION SIMPLY
EXPLAINED

LUMINATING AND
MISSAL PAINTING

WD READY
RECKONER

VTHE'WORK

\UNDRY
CHEMISTRY

ETTER PAINTING
MADE EASY

:ARBLE
DECORATION

IASS PRODUCTION
EQUIPMENT

IECHANICAL
DENTISTRY

By H. H. U. CROSS 4/-
Designedto draw the Motorist's Attention to the Fundamental
Principle* underlying Modern Ignition Systems. 140 pp.
62 Illustrations.

'

By P. WHITHAHD e/-
A Practical Treatise on Manuscript Work, Testimonial* 'and
Herald Painting, etc. With 2 coloured Plates. 156 pp.

By A. ARMAN 4/-
Invaluable as an aid to the measurement of land. 6th Edition,
Revised and Extended.

By P. N. HASLUCK 6/-
A Practical Treatise on the Tools, Appliances, and Processes
employed in the Art of Turning. 1 hh Edition, Revised and
Enlarged. 240 pp. Illustrated.

By A. HARVEY 4/.
A Handbook on the Chemistry of Laundry Materials and
Methods. 128 pp.

By J. G. BADBNOCK 2/-
A short practical Guide in which is

explained a system for En-
suring Correctness in Sign Writing. 12 full-page Engravings.

By G. H. BLAQROVS 3/6
A Handbook for Students, with the Terminology of British
and Foreign Marbles. 28 Illustrations.

By P. GATES 7/6
Covering the design of

"
Jigs, Tools, and Fixtures."" A very large amount of valuable information." Engineering.

220 pp. 168 Illustrations. 22 Tables.

By C. HUNTER
_ m 6/-

A Practical Treatise on the Construction of the Various Kinds
of Artificial Dentures. 8th Edn., Revised. 280 pp. 100 illui.

(ETAL PLATE WORK By E. G. BARRETT .. .. .. .. .. 3/6
A Text-book intended primarily for those sitting for the City
and Guilds of London Institute Examination. 132 pp. 99
Illustrations.

ESTING MILK
AND ITS
PRODUCTS

LOCATION OF
1INERAL FIELDS

4AGNETO MANUAL

FINING
CALCULATIONS

dOTOR CAR
MECHANISM AND
MANAGEMENT

rfOTOR TYRES

By G. S. THOMSON .. . . 4/-
In this work an attempt ha* been made to simplify testing so

that it may be easily understood and readily adopted.
90 pp. Profusely Illustrated.

By M. H. HADDOCK .. ..
p

.. .. .. 9/6
Written as a result of Observations in many mineral fields

and a fairly wide acquaintance with mining conditions of

different types. 296pp. 213 Diagrams. 10 Plates.

By H. R. LANGMAN . .
_

. . . . . 7/6
For the use of Automobile Engineers, Mechanics, Apprentices.
Chauffeurs, Car Owners, etc. 230 pp. Illustrated.

By T. A. O'DoNAHUE ..
_

.. 3/6
For the Use of Students preparing for the Examinations for

Colliery Managers' Certificates.

By E. C M. SHEPHERD
_ _..

.. 3/6
A popular work on Motor Mechanism, containing many useful

hints, and a section on overhauling. 1 70 pp. 90 Illustrations.

2nd Edition. Revised and Enlarged.

By J. C FRUCUSON .. .. 3/6
The volume, is an investment that should save motorists many
times its published price every year they follow its guidance.

NAVIGATION HINTS By O. M. WATTS .... ..
...

.. .. 7/6
With a Chapter on Weather Forecasting and 100 General

Knowledge Question! and Answers. 180 pp. Illustrated.



PHOTOGRAVURE

PHYSICS AND
CHEMISTRY OF
MINING

PICTORIAL HOUSE
MODELLING

PIGS AND BACON
CURING

PLASTERING

PLUMBING (2 vok)

POT-PLANT
CULTURE

COMMERCIAL
POULTRY FARMING

PROTECTION OF
BUILDINGS
AGAINST VERMIN

RADIO AND HIGH
FREQUENCY
CURRENTS

RAILWAY POINTS
AND CROSSINGS

ROOF CARPENTRY

ROTARY & MOTOR
CONVERTERS

7/6
: on Paper-making, with Illustration*

Tapbs and Plate*. 3rd 'Edition,
i pp.

SLUCK V"
Practical Manual on the Conitruction of Pattern*. 144 pp.

Crown Ovo. With 100 Illustrations.

By C. N. BENNETT ., /;A Little Book of Practical Instruction .in the least-known and
most .Beautiful of all -Branche* of Applied Photography.
140pp. Profusely Illustrated.

ByT. H. BYROM /-'
"This book ought to be in the hand* of all mining itudent*.

Science and Art of Mining. .

5th Edition, Enlarged. 248 pp. Illustrated. <

ByE.W. HOBW .. .. 6/-
A Practical Manual explaining how to make Model* of

Building*. 196 pp. 130 Illustration*.

By E.R. DAVID ..' 4/6
"To pig breeder* and feeder* the treatiie it one of^he'

most
desirable of recent issues dealing with the industry. North
Brillth Asrlcaltorbt. 96 pp.

Illustrated.

By W.KEMP
*

.. .. ... '.. ..
... 3f~

An attempt to' deal on
practical

line* with an ancient and
important craft, containingJaform*tio)i" on both Pliin anal

Ornamental Plarter Work. 190 pp.

By E.G. BLAKE ..' (each) 6/-
A Text-book to the Practice of the Art or Craft of the. Plumber.
Each Vol. 180 pp.. Illustrated. (Sold separately.)
Vol. I. LEAD LAYING, &c. Vol. 2. SANITARY APPLIANCES, &c.

By H. C. DAVIDSON .. 2/ft
"
Should be a useful cade mecum for^ ladies interested in^the

want* and welfare of plant* under their own management
'

Farmer'* Gazette. New Edition. 1 76 pp. 65 Illustrations.

ByT. W. TOOVHY 61""
It strikes the note of veracity throughout, and apart from

being an
exposition

of the modern principle* of poultry farm>*

ing, it i* full of practical hint* that every poultry keeper can
'

utilise with profit." Poultry. 4th Edn., Enlarged. 1 60 pp. lllu*.

ByE.G.BLArE ... .. 21*
This book should supply a long-felt need, for it describe* pre>-
ventive measure* a* well a* the mean* of destroying rat* ana
other petti. 90 pp.

ByE.T. LARNER 2/0
A Manual for Wireles* Student*, those qualifying for the
P.M.G.'i Certificate, Transmitters' Licence, etc. Second
Edition. Enlarged 64 pp.

By A. A. G. DOBSON 61^
The Diagram* in this book are intended for the Engineer or
Draughtsman who find* himielf called upon to prepare plan*
of turnout*, etc., for place* where standard type* cannot ba
uted. 96 pp. 100 Illustrations.

By G. COLUNOS 2/6
A useful little work designed to help the workman who has
little knowledge of mathematics or the theory of the tubject.

By E.F. SMITH 7/8
For thf use of those who have to do with the running of Rotary

Converter*,, and who desire a closer acquaintance with the
principles involved in their opeiation. 248 pp. Illustrated.

* *"


